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A.  Statement  of  the  Problem  Studied 

As  metals,  semiconductors,  and  insulators  are  utilized  in  constrained 
geometries  to  realize  large  scale  device  Integration  it  is  increasingly 
important  to  understand  the  electron  structure  and  lattice  dynamics  of  quasi- 
two  dimensional  structures.  It  was  the  purpose  of  the  present  program  to 
develop  and  exploit  non-destructive  techniques  to  study  the  intrinsic  and 
extrinsic  electronic  properties  of  these  materials.  The  techniques  of  infrared 
wavelength  modulation,  Raman  scattering,  and  photo-induced  transients  were 
utilized  in  these  studies  and  reveal  new  bulk  and  surface  electronic  and 
vibrational  properties  of  the  metals.  Insulators,  and  semiconductors  studied. 
The  specific  areas  of  research  activity  pursued  were: 

Optical  Properties  of  the  Surface  Plasmons  of  n'*’  Silicon  and  Copper 

Raman  and  Brillouin  Scattering  and  Luminescence  Studies 

of  Alkali  Borate  Tungstate  Glasses 

Development  of  an  Infrared  Wavelength  Modulated  Spectrometer 

for  the  Spectral  Regions  0.2-20  Microns  with  a  Sensitivity 
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to  Measure  Changes  in  Absorption  of  a  Part  in  10  . 

Wavelength  Modulation  Studies  of: 

a)  Order-Disorder  Effects  on  the  Band  Structure  of  Metal  Alloys 

b)  Bulk  and  Surface  Impurities  in  Alkali  Halides  and  Alkaline 
Earth  Fluorides 

c)  Optical  Detection  of  Deep  Levels  in  Semiconductors 

d)  Utilization  of  Photo-induced  Transients  for  the  Detection 


of  Deep  Levels 


B.  Summary  of  Results 

The  following  are  the  problems  studied  and  the  conclusions  reached.  The 
reference  numbers  after  each  topic  are  to  the  publications  referenced  in  the 
Publication  List,  reprints  and  preprints  are  included  in  the  Appendix. 

1.  Surface  Plasmons  on  Metals  and  Semiconductors  (1,2) 

The  optical  properties  of  copper  and  n'*’  silicon  were  experimentally 
determined  using  attenuated  total  reflection  (ATR)  techniques  and  used  to 
calculate  the  complex  frequency  dispersion  curve  of  these  materials.  In  copper 
the  dispersion  curve  shows  the  characteristic  vector  divergence  of  the  surface 
plasmon  resonance,  while  the  complex-k  dispersion  curve  exhibits  the 
characteristic  back-bending.  The  resonance  is  shifted  due  to  d-band  Fermi 
level  transition  causing  a  large  shift  in  the  location  of  the  real  frequency 
excitation  resulting  in  the  true  resonance  to  occur  in  the  complex  frequency 
plane.  The  surface  plasmon  resonance  of  n'*’  Silicon  is  highly  damped  causing 
the  ATR  dispersion  curve  calculated  on  the  real  frequency  axis  to  exhibit  back- 
bending  for  its  complex  frequency  solution;  in  contrast  the  theoretical 
dispersion  curve  exhibits  the  standard  wave  vector  dispersion  at  the  surface 
plasmon  frequency.  The  discrepancy  was  rectified  by  converting  the  optical 
properties  of  n"^  silicon  into  functions  in  the  complex  frequency  plane  allowing 
the  location  of  the  complex  resonance  was  obtained. 

2.  Alkali  Borate  Tungstate  Glasses  (3,16) 

We  have  previously  published  result  of  studies  on  a  series  of  bulk 
transparent  tungstate  glasses  which  exhibit  electrochromlc  and  photochromic 
behavior  and  have  potential  use  for  solid  state  display  devices.  In  addition 
these  glasses  serve  as  a  prototype  system  to  study  small  polaron  transport. 


percolation  transport  as  well  as  ionic  transport.  To  further  elucidate  the 
microscopic  structure  of  this  glass  system,  a  series  of  Raman,  Brillouin,  and 
luminescence  studies  were  completed.  The  Raman  spectra  show  that  for  low 
concentration,  WO^  is  incorporated  into  the  glass  as  tetrahedral  WO^.  As  the 
concentration  of  WO^  increases,  the  concentration  of  WO^  also  increases; 
however,  new  species  become  apparent  such  as  WO^.H^O  and  polymeric  tungstate. 
Both  species  contain  octahedral  WO^  groups.  The  simplest  polymeric  tungstate 
present  is  Luminescence  data  provide  evidence  for  and  defects  of  WO^ 

octahedra  being  present  even  at  low  UO^  concentrations.  The  photochromic 
structures  are  WO^,  WO2.H2O  and  possibly  defects  of  WO^.  Brillouin  scattering 
measurements  indicate  that  there  are  large  changes  in  the  elastic  constant  of 
Li20-(B2  ^3^2  small  concentrations  of  WO^.  The  above  glasses  in  the 

composition  <Li„B  0_)  (WO.)  with  x  <  0.33  which  exhibit  reversible 

^  T  I  *L"X  O  X 

electrochromic  behavior  when  ions  of  H,  Li  and  Na  are  transported  into  and  out 
of  these  glasses.  We  have  now  found  another  glass-forming  region  for  x  i  0.44 
which  results  in  a  permanent  blue  coloration.  This  concentration  limit  appears 
to  be  a  percolation  threshold  where  the  fast  diffusion  of  lithium  decorates  the 
WOg-tree  once  it  is  in  the  glass  matrix. 

3.  Wavelength  Modulation  Studies  <4  -  IS) 

We  have  improved  our  wavelength  modulation  apparatus  in  the  visible  and 
ultra-violet  region  and  developed  a  new  system  that  covers  the  spectral  region 
from  0.2  -  20  microns  that  is  capable  of  measuring  a  charge  in  absorption  or 
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reflection  of  a  part  in  10  .  These  systems  were  utilized  to  study  the  intrinsic 
and  extrinsic  optical  properties  of  metals,  insulators,  and  semiconductors. 

The  results  of  these  studies  are  as  follows: 
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a)  Order-Disorder  Effects  on  the  Band  Structure  of  Metal  Alloys  (9,10,11) 

Our  wavelength  modulation  techniques  were  used  to  study  the  alloy  systems: 
P'  -  Cu^  ®  phase  transition,  a  -  Ag^  ^  Zn^  2’  P'  ” 

AuZn.  These  studies  measured  the  positions  of  the  critical  points  and  the  line 
shapes  of  Interband  transitions  out  of  the  free  carrier  Drude  background. 

These  parameters  were  used  to  compare  various  band  calculations  of  these  metal 
alloys  and  yielded  accurate  parameters  for  future  band  calculations.  The 
details  of  these  studie.s  have  been  published  reprints,  of  which  are  included  in 
the  Appendix. 

b)  Bulk  and  Surface  Impurities  in  Alkali  Halides  and  Alkaline  Earth 
Fluorides  (7) 

Our  Infrared  wavelength  modulation  system  was  developed  and  used  to 

investigate  the  low-level  absorption  of  a  number  of  alkali  halides  and 

alkaline  earth  fluorides  of  interest  for  high  power  laser  windows.  These 

studies  revealed  rich  absorption  structure  which  enabled  an  indentif ication  of 

surface  and  bulk  impurities;  for  the  first  time,  we  measured  the  complete 

spectral  distribution  from  2.S  -  12.0  microns  of  the  absorption  at  levels  of 
-4  -1 

10  cm  .  These  results  have  a  direct  bearing  on  the  use  of  these  materials 
for  high  power  laser  windows  and  fiber  optic  light  guiding  systems  which 
require  extremely  low  level  of  absorption. 


c)  Deep  Level  Derivative  Spectroscopy  of  Semiconductors  by  Modulation 
Techniques  (6,7,8,12,13,14,15) 

Our  infrared  wavelength  modulation  absorption  spectrometer  was  employed  in 
a  detailed  study  of  deep  levels  in  semi-insulating  GaAs,  surface  layers  on  Si, 
GaAs,  and  HgCdTe,  oxygen  complexes  in  floating-zone  Si,  and  the  determination 
of  strain  in  ion-implanted  layers.  We  have  shown  that  our  system  is  a 
sensitive  non-destructive  techniques  for  study  defects  in  semiconductors  that 
have  a  direct  bearing  on  the  performance  of  mi ’ro-electric  devices.  It  was 
possible  to  detect  defects  that  have  not  been  observed  by  other  techniques. 

The  details  of  these  studies  are  contained  in  the  preprints  in  the  Appendix. 

d)  Photo-induced  Transients  for  the  Detection  of  Deep  Levels 

Using  photo-induced-transient  spectroscopy  on  semi-insulating  liquid- 
encapsulated  Czochralski-grown  GaAs,  we  have  detected  a  number  of  deep  levels 
and  studied  the  effects  of  heat  treatment. 

4.  Proposal  for  Future  Work 

The  optical  techniques  of  wavelength  modulation  and  light  scattering  that 
we  have  developed  during  these  studies  have  a  sensitivity  to  study  properties 
of  1/100  of  a  monolayer  of  adatom  on  a  surface.  Our  understanding  of 
dimensionally  constrained  solids  would  be  more  complete  if  we  were  able  to 
follow  the  evolution  of  the  morphology,  electronic  structure,  and  molecular 
vibrations  as  growth  layers  proceed  from  the  initial  nucleatlon  process  of  the 
adsorbed  atoms  or  molecules  to  the  two-dimensional  phase  transition  which 


signals  the  completion  of  grov/th  of  the  first  layer.  Such  studies  have  been 
performed  using  various  electron  spectroscopies  such  as  LEED,  Auger,  and  ESCA 
techniques.  However,  they  have  a  limited  energy  re.solution  so  that  it  is  not 
possible  to  observe  changes  in  the  vibrational  modes  of  the  adsorbed  species. 

In  the  final  phase  of  this  program,  we  assembled  a  UHV  surface  analytical 
facility  combining  the  electron  spectroscopies  of  LEED,  Auger,  and  ESCA  and  the 
high  resolution  and  sensitivity  of  our  wavelength  modulation  techniques  with 
University  funds.  This  unique  system  will  enable  studies  of  physisorption , 
chemisorption,  and  epitaxial  growth. 
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Table 

Compurisoa  of  the  Drude  dielectric  function  as  a  function  of  real  and  complex  frequencies 


L  lumi 

£i(a»')  •>) 

£,(co)') 

f,(co')‘^) 

10.4331 

10.4348 

0.135894 

0.154283 

3 

8.9062 

8.90199 

0.516484 

0.501147 

4 

6.8377G 

6.82434 

l.l>/“58 

1.10091 

0 

4.37016 

4.16524 

2.25844 

1.76509 

0.0 

2.98949 

2.50169 

2.95223 

1.73313 

3.9 

1.82973 

0.91369 

3.3686 

0.67388 

-  0.486703 

-  1.91911 

.5.00156 

0,90968 

t).7 

-  0.612146 

-  2.04816 

5.08339 

1.17191 

6.8 

-  0.927106 

-  2.32911 

5.29124 

1.90725 

7 

-  1.56256 

-  2.32691 

5.72098 

3.16219 

7.3 

-  3.1795 

-  4.216 

6.37692 

5.19277 

S.o 

-  6.50066 

-  7.33573 

9.53347 

8.46068 

9 

-  8.18639 

-  8.36977 

1.1.0292 

10.1071 

10 

-11.5672 

- 12.2899 

14.338 

13.606 

11 

-11.3623 

-13.6069 

20.0286 

17.4264 

a)  Wavelength  ( in  am)  for  the  real  frequency  u>'  and  for  complex  frequency  L 
Beal  port  of  dielectric  function  as  a  function  of  real  frequency  u>'. 

“)  Real  part  of  dielectric  function  as  a  function  of  complex  frequency  u>  = 
as  defined  in  equation  (6a),  that  is.  r,((o)  =•  a>.;. 

<f)  Imaginary  part  of  dielectric  function  as  a  function  of  real  frequency  cu’. 
«)  Imaginary  part  of  dielectric  function  as  a  function  of  complex  frequency  ui 
as  defined  in  equation  (6b),  that  is,  e,(a>)  =•  a>.). 
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frequency  planedoes  not  exhibitthe  surface  plasmon  resonance:  whereas  the  theoretical 
dispersion  relationship  yields  the  resonance. 

Consequently,  for  this  n"  silici.  .*  material  which  has  a  relatively  high  damping 
the  surface  plasmon  will  not  exhibit  a  resonance  in  the  real  frequency  spectrum  when 
coupling  is  performed  using  the  ATR  experimental  technique  of  fixing  incident  angle 
and  varying  frequency.  By  using  the  complex  frequency  analysis  either  through  the 
theoretical  dispersion  relationship  or  using  our  developed  complex  frequency  depend¬ 
ent  optical  constants  and  analyzing  the  ATR  minima  in  the  complex  frequency  plane 
the  location  of  the  complex  frequency  resonance  can  be  obtained. 

A  comparison  of  the  real  and  imaginary  parts  of  the  Drude  dielectric  function  for 
n'^  silicon  for  both  real  and  complex  frequencies  shows  that  they  numerically  deviate 
the  largest  in  the  area  of  the  surface  piosmon  and  approach  one  another  in  value  at 
high  frequencies. 

References 

[1]  A.  Ono.  Z.  Phys.  ill).  227  (1969). 

[2]  A.  Otto.  Z.  Phys.  21«.  398  (1968). 

[3]  M.  JlaBSCHALL  and  B.  Fischxr,  Phys.  Rev.  Letters  28.  13.  811  (1972). 

[4]  R.  A.  FxaaKTJ.  Phys.  Rev.  111.  1214  (1968). 

[.5]  R.  W.  Gaamox  and  E.  D.  PauK.  J.  Opt.  Soc.  Amer.  M.  3.  350  (1974). 

[6]  C.  0.  Salzsdo  and  J.  J.  Villa,  J.  Opt.  3oo.  Amer.  48.  379  (1957). 

[7]  W.  C.  DirxLAr  and  R.  L.  W.ilter3,  Phys.  Rev.  92.  116  (1953). 


P.  F.  Robusto  and  R.  BBa.i7:rsTmr 


13(i 

the  surface  plasmoa  reaonaace  (A  a  6.66  am)  ia  quite  large.  The  wave  vector  solutions 
of  the  surface  piasmon  dispersion  relationship  (equation  (1))  in  the  region  between 
£(cul  s  —  1  and  £(0)  »  0  are  imaginary  and  are  not  surface  modes  in  the  fact  that 
they  are  uncoupled  modes  between  the  incident  light  and  the  surface  active  medium. 
The  complex  frequency  dielectric  functions  shown  in  Fig.  6  and  T  have  e.xtTapolated 
Lines  covering  this  region.  Also  in  the  region  close  to  £(a»)  ^  —  I  the  complex  oj 
solutions  are  very  difficult  to  obtain  due  to  the  nature  of  the  resonance,  that  is.  the 
solutions  occur  in  a  very  narrow  valley  with  a  step  fall>o£f  on  both  sides  of  the  valley 
and  can  be  easily  missed  by  the  computer  procedure  [S].  The  surface  piasmon  res¬ 
onance  point  was  determined  and  ia  marked  by  an  x  on  the  dielectric  function  plots. 

In  Table  4  a  comparison  ia  made  of  the  dielectric  functions  obtained  for  real  and 
complex  frequency.  The  dielectric  functions  approach  one  another  at  high  frequencies 
and  deviate  the  largest  in  the  area  of  the  surface  piasmon  resonance.  Solutions  are 
shown  in  the  region  where  s((u)  >  0  and  e(a>)  —1;  where  for  £(&>)  >  0  the  dispersion 

analysis  yields  solutions  for  Brewster  modes  [13],  and  for  e(m)  <  —1  solutions  are 
surface  poiariton  modes  (Fano  modes)  [13].  The  surface  piasmon  resonance  occurs 


Tables 

Compahaon  of  the  real  port  of  the  compiex.<t»  dieieethc  functions  <,(eu)  .ind  versus 
the  dieleenic  function  for  real  frequency  ca' 


i(;un)») 

as*. ") 

*,(«»')  ») 

A«,«) 

Be*,'*) 

As.*) 

tt 

10.43S1 

10.4381 

0 

0.153894 

0.188894 

0 

3 

3.90629 

3.90623 

0.00006 

0.516462 

0A16484 

0.00002 

4 

8.38904 

8.38778 

0.001 

1.19291 

1.19388 

0.0007 

5 

4UI9236 

4JJ7016 

0.023 

♦>  Offtn 

0.015 

5.S 

X09732 

2.96940 

0.108 

2.37194 

2.98223 

0.080 

5.9 

131288 

1.32973 

0.419 

3220381 

3.5886 

0.385 

8.(W 

0^29281 

-  0.486703 

0.716 

4.34137 

5.00156 

0.060 

8.7 

0.0409048 

-  0.612146 

0.683 

4.4751 

5.08339 

0.808 

8.3 

-  0.43728 

-  0.927106 

0.4698 

43232 

5.29124 

0.468 

i 

-  1.28297 

-  1.56286 

0.2799 

5.44094 

5.72098 

0.280 

713 

-  3.06821 

-  3.1798 

0.114 

8.73068 

8J7892 

0.128 

3J 

-  6.46189 

-  8.50066 

0.039 

9.48172 

9.53347 

0.082 

9 

-  3.18998 

-  3.13639 

0.028 

10.990 

11.0292 

0.039 

10 

-11-5831 

-11-5672 

0.014 

1421139 

142138 

0.024 

11 

-19.5886 

-18-5623 

0.007 

20.0136 

20.0286 

0.015 

*)  Wavelength  of  the  incident  light  (in  iim)  and  for  the  complex  fiequenciee  ia  L  ^  Sfre/w,. 

*>)  Real  pore  of  the  complex  dieiectric  function  (,lw)  «  (,(aii  i-  £i(<>»„  lu.)  ~  Ret,  — 
i  Im 

As,  »  (Be  «,(«„  <a.)  —  t,(<a')|  where  <e,  and  <0,  ate  the  real  and  imaginary  ports  of  the  complex 
frequency  a>.  and  os'  ia  the  frequency. 

ii)  Tmoginory  port  of  the  complex  dielectiie  function  t^ai)  »  H-  tat.) ;  (.(a*,,  cu.)  —  Re  t.  — 
^  1  Im  sm 

•)  A*,  -  iRe  t^m,,  co.j  - 

whsn  0*1  ^  (o,  and  cu,  «  —  1/2t  where  t  is  the  electron  relaxation  time.  Solutions  for 
the  Brewster  inodes  [13]  show  thsit  the  bulk  piasmon  frequency  is  also  complex  and 
occurs  at  a>i  a  01,  and  a«i  «  —  I/2t. 

S.  Conelnaions 

It  can  be  concinded  from  analyzing  the  surface  piasmon  of  n'^  silicon  that  the  dis¬ 
persion  relationship  obtained  from  plotting  the  .4TK  minima  obtained  in  the  real 
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Fig.  .5.  Same  diagram  as  in  Fig.  3  n  ith  the  inclusion 
of  the  ATR  minims  points  calculated  using  the 
comple.^  frequence  dependent  dielectric  functions 
as  defined  in  equations  (4a  toe).  Error  bars  show 
the  range  within  which  the  minima  were  determined 
(Df-,  =“J(C  (light  line);  (2)  f-,,  =  iiuic)  (siiul/  (s(a>t  — 
—  1))*'-.  (3)  it..  =  (to/c)  Bp  .sin  (AO);  AO  =  57.1°. 
»p  =  1.4 


ATR  analysis  shows  a  definite  resonance.  The  error  bars  indicate  the  range  of  un¬ 
certainty  that  the  ATR  minima  were  obtained.  The  deviation  at  lower  values  of  wave 
vector  is  due  to  the  way  that  the  .A.TR  dispersion  curve  was  generated,  that  is.  with 
fLting  the  angle  of  incidence  and  varying  the  frequency  of  the  input  light.  This  type 
of  -4TR  analysis  tends  to  ride  along  valleys  or  ridges  of  the  dispersion  at  lower  wave 
vectors. 

Using  the  complex  frequency  dependent  dielectric  function  [1]  the  .surface  plasmon 
obeys  the  following  resonance  condition: 


CO.)  =  —  i  , 

where 

fi(coi,  coj)  =  Re  —  Im  s,  =  —  1  , 
e,(coj,  (Of)  =  Re  e,  -r  Im  ei  =  0  . 


(10) 


The  real  and  imaginary  parts  of  the  complex  frequency  dependent  Drude  dielectric 
function  are  shown  in  Fig.  0  and  7.  As  can  be  readily  seen,  the  deviation  of  the  real 
and  imaginary  parts  of  the  dielectric  function  becomes  large  near  the  surface  plasmon 
resonance  point.  In  Table  3  there  is  a  comparison  of  the  values  of  the  real  part  of  fx(co) 
which  is  a  function  of  complex  frequency  and  fx(eo)  calculated  from  Dnide  model  for 
real  frequencies.  .As  can  be  seen  from  Table  3,  the  difference  in  the  region  close  to 


Fig.  (i.  Real  and  imaginary  parts  of  complex  frequency  dependent  r,  versus  wavelength  for 
n*  silicon;  where  e,(aji,  ca.)  ^  Re  e, -h  i  Im  *,  and  is  not  redefined  as  in  equations  (0)  and 
where  ™  itc/co,.  x  tesonance  point. - —  extrapolated  region 

Fig.  7.  Real  and  imaginary  parts  of  complex  frequency  dependent  e.  versus  wavelengths  for 
n'  silicon;  where  cu.)  sa  Re  e. t  Im  c,  and  is  not  redefined  m  in  equations  (h)  and 

where  i,  =■  lic/cu,.  x  resonance  point,  — - extrapolated  region 
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By  redefining  tiie  dielectric  function  in  this  way,  we  show  that  the  effect  of  the 
complex  frequency  is  to  mix  'he  old  relationship  of  and  e..  That  is,  now  the  real 
part  of  the  dielectric  function  is  affected  by  e.  through  its  imaginary  part.  Also  by 
the  definition  of  the  complex  frequency  that  as  oj.  —  0,  the  imaginary  parts  of 
and  s»{(o)  both  go  to  zero  and  we  hare  the  original  relationship  in  the  real  frequency 
plane,  ^^^th  the  dielectric  function  as  defined  in  (Oa)  and  ( 6  b),  we  can  use  the  standard 
relationships  between  the  optical  constants  n  and  k  and  the  dielectric  function  fi(cu) 
and  in  the  complex  fr^uency  plane  which  is 

a  =  n(cOi,  ou)  —  (-1- [(e^ -i- d)"- eJP*  ,  ("a) 

k  =  ifoh,  cij  {y  [(«?  -i-  ,  ("Ij) 

.Y  =  a  -  ii  .  (7c) 


Consequently  the  complex  index  of  refraction  of  the  medium  (.V)  is  a  function  of 
complex  frequency  and  may  be  used  directly  in  determining  the  ATE  reflectmty  in 
the  complex  frequency  plane.  This  is  done  by  redefining  the  Fresnel  reflection  coeffi* 
dent  for  p-polarized  light  as 

.Y.  cos  —  Ylt  cos  df  ^  y«(ch.  a>»)  cos  $■.  —  au)  cos 

-Y,  cos  d,  -r  -Yi  cos  6*  -Yj(<Ot,  to.)  cos  9,  —  .Y-lOj,  toj)  cos  H,  ’ 

where  is  the  complex  index  of  refraction  of  the  surface  active  medium,  which  in 
this  case  is  silicon,  and  Y.  is  the  complex  index  of  refraction  of  the  material  between 
the  prism  and  the  surface  active  medium,  which  is  air  in  this  case  study,  and  9,  and  dj 
are  the  incident  angles  for  medium  2  and  3,  respectively. 

The  complex  frequency  dependence  of  the  r^  and  imaginary  parts  of  the  index 
of  refraction  -Y  can  also  be  obtained  using  a  diSerenc  procedure.  This  method  is  more 
difficult  to  solve  and  involves  substituting  (4b)  and  (4c)  into  (7a)  and  (7b)  and  finally 
redefining  the  complex  index  of  refraction  ns 

Y  -  n  -  ik  ,  (9a) 

where 

n  s  n(a)i,  oij)  «  Re  n  —  Im  ,  (9  b) 


k  ai  k{(a^,  cii^  a  Re  1;  -r  Im  n  . 


(9c) 


Implementing  this  procedure,  the  optical  constants  of  n**  silicon  were  expressed 
as  functions  of  complex  frequency  and  to  calculate  the  .ATR  dispersion  curve.  The 

calculations  were  done  by  using  a  high-speed  computer  program  [S].  The  general 
procedure  was  to  first  obtain  a  set  of  a>i  and  m.  values  as  determined  from  calculating 
the  complex  frequency-real  wave  vector  dispersion  curve  (equation  (1));  that  is,  by 
solving  Che  imaginary  part  of  the  dispersion  relationship  a  raJue  for  a>;  was  obtained 
for  each  ci>i  value,  l^xis  set  of  a>i  and  tcj  values  was  used  to  calculate  the  real  and 
imaginary  parts  of  and  e,  from  (2)  and  (4) ;  and  then  using  these  values  in  (6a)  and 
(6b)  to  obtain  ^hich  then  are  used  in  (7a)  and  (7b)  to 

obtain  the  complex  frequency  dependent  optical  constants.  These  complex  fre¬ 
quency  optical  constants  and  Fresnel  reflection  coefficients  were  used  to  calculate 
the  ATR  dispersion  curve  in  the  same  way  as  done  in  the  real  frequency  spectrum; 
but  now  the  ATR  minimiiTn  ia  found  by  the  angle  of  incidence  and  by  scanning 
through  a>i  the  real  part  of  the  surface  piumon  frequency.  The  ATR  dispersion 
curve  minima  are  plotted  in  Fig.  5  along  \Tith  the  damp^  surface  plasmon  dispersiou 
curve.  There  is  no  discrepancy  between  the  .ATR  dispersion  curve  calculated  in  com¬ 
plex  frequency  plane  and  the  theoretical  dispersion  curve.  The  complex  frequency 
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occur  by  probing  the  complex-i:  response  which  is  experimentally  achieved  by  fixing 
the  excitation  frequency  and  by  varying  the  angle  of  incidence.  The  complex -<o 
response  measurements  will  only  allow  moderate  coupling  which  is  achieved  by  riding 
on  the  ridges  and  valleys  of  the  surface  plasmon  excitation  in  the  real  frequency  plane. 

Table  2 


Analysis  of  ATR  calculated  dispersion  curve  for  n'  silicon*) 


Jl0» 

((im) 

iiimj 

d) 

(10*  cni*M 

l:«P't,*) 

23.6“ 

468.9 

400.9 

1.35  X  10-- 

1.00886 

47.i“ 

1074.4 

11.4 

1.08  X  10-- 

1.639 

4921“ 

1164.6 

10.97 

1.02  X  10-^ 

1.694 

53.1“ 

1376.7 

10.34 

9.128  X  10-* 

1.9997 

57.1“ 

1685.4 

10.11 

7.325  X  10-* 

2.099 

61.08“ 

2117.5 

10“4 

6.493  X  10-» 

2.136 

66.38“ 

3195.7 

11.182 

4.519  X  10-» 

2.279 

*)  Input  Dmde  parameters:  too  »  11.7,  r  =■  5.62  x  10“**  s.  .V/w*  —  .‘J.-SS  :<  10“ 
elflctrons/cm*. 

t>)  Angle  of  incidence  with  respect  to  the  pnsm  base  where  «  2.5. 

*)  Lf  and  D,,  are  the  wavelength  at  the  minimum  and  the  air  gap,  respectively,  to  ob¬ 
tain  a  p-polarized  reflectivity  of  90%. 

<i)  this  la  the  experimental  wave  vector  at  the  minimum  where  »  (— TrX,)  n,  sin  (AO). 

•)  This  is  the  ratio  of  the  experimental  wave  vector  to  the  wave  vector  of  light  ^ 
-  ai/e  -  Ix/i,) . 

4. 1TB  Inaiysis  in  the  Complex  Pre<|ueney  Plane 
and  Complex  Frequency  Optical  Properties  of  n^  Silicon 

Due  to  the  discrepancy  between  the  theoretical  damped  surface  plasmon  dispersion 
relationship  which  shows  a  definite  resonance,  and  the  .4TR  minima  dispersion  curve 
which  shows  back-bending  which  is  calculated  using  real  frequency  dependent  optical 
constants,  an  approach  was  made  to  calculate  the  .A.TB  reflection  spectrum  in  the 
complex  frequency  plane.  In  order  to  calculate  the  .4TR  spectrum  in  the  complex 
frequency  plane,  the  optical  constants  of  the  surface  active  medium  and  the  Fresnel 
reflectance  coefficient  must  be  redefined  to  be  functions  of  complex  frequency.  Since 
the  frequency  is  complex,  then  the  real  (ei(at))  and  imaginary  (ei(cu))  parts  of  the 


dielectric  functions  are  themselves  complex  as  given  by 

e(co)  *  ej(co)  -{-  ie,(cu)  ,  (4a) 

wheie 

Si(a»)  »  Re  Si(a))  -j-  i  Im  ei(ai) ,  (4b) 

«j(ai)  »  Re  e,(a»)  -f-  » Im  rj(co) ,  (4c) 

where  at  is  the  complex  frequency  defined  by  co  =  cui  -|-  id)..  If  one  substitutes  (4b) 
and  (4c)  into  (4a)  and  regroups  into  real  and  imaginary  parts,  one  obtains 

e((o)  am  [Re  «i(ai)  —  Im  «*(co)]  ■+■  i[Re  ej(aj)  -h  Im  ed®)]  • 

Now  using  the  standard  definition  of  Si(co)  and  et(co)  to  be  equal  to  the  real  and  imagi- 
nary  parts  of  the  dielectric  function,  respectively,  as  given  in  (8),  we  obtain 

ei(tu)  a  edcuj,  oij)  Re  ei(oj)  —  Im  e»(m) ,  (6  a) 

«*(“*)  a/i)  «■  Re  «.(a»)  4-  Im  ejco) .  (6  b) 
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a  measuremeat  of  electricai  reaistirity  ( 1.32  X  10"*  Qcm)  and  using  the  resistivitv 
versus  impurity  concentration  listed  inSze  [11];  this  agreement  is  reasonable  and  the 
difference  is  probably  due  to  different  sample  mobilities.  Kukharskii  and  Subashiev 
[9]  obtained  a  relaxation  time  of  11.27  x  10"^*  s  for  an  n-type  silicon  of  carrier 
concentration  o.3  X  10^  electrons/cm*.  They  also  obtained  a  value  of  s  2.69 
which  is  in  agreement  with  the  present  results. 

OiiqMraion  anaOjaia 

The  value  of  co^t  a  2.69  as  determined  from  the  Drude  optical  parameters  (Table  1) 
shows  that  the  surface  plasmon  resonance  of  a''  silicon  is  fairly  highly  damped.  The 
complex  frequency-real  wave  vector  solution  of  the  theoretical  dispersion  curve  of 
equation  ( 1)  is  shown  in  Fig.  3  and  -L  The  complex  frequency'  solutions  exhibit  the 
the  standard  behavior  of  the  surface  plasmon  resonance:  namely,  ca^  -'tu,  and 
<0,  —  —  1/2t  as  the  wave  vector  id  -»  oo. 

The  ATU  surface  plasmon  dispersion  curve  is  found  by  plotting  the  energy  and 
wave  vector  at  the  minimum  reflectivity  point  in  the  ATR  spectrum.  The  ATR  mini¬ 
mum  point  is  taken  when  the  reflectivity  of  p-polarized  light  is  at  90%.  The  general 
computer  procedure  has  been  previously  explained  [12],  and  the  results  of  the  analysis 
are  shown  in  Table  2.  In  this  table,  you  can  see  that  as  the  angle  AO  (angle  with 
respect  to  the  prism  base)  is  increased,  the  wavelength  at  the  minimniw  {£^)  increases 
to  longer  wavelengths  and  smaller  experimental  wave  vectors  are  achieved. 

This  analysis  shows  that  as  the  incident  angle  is  decreased,  the  .4TP.  dispersion  curve 
approaches  the  light  line,  as  can  be  seen  by  stud3ring  the  last  column  which  gives  the 
ratio  of  the  wave  vector  generated  by  the  prism  (i:|f*]  to  the  wave  vector  of  light  in  air 
(I'q  »  (t»lc).  That  is.  the  experimental  ratio  approaches  unity  as  you  go  higher 

in  energy.  This  is  equivalent  to  the  complex-l:  behavior  of  the  suiiace  plasmon 
resonance  where  the  dispersion  relationship  stays  close  to  the  light  line  and  then 
back-bends  going  into  Brewster  modes  where  <  a>/c  [13].  Therefore,  the  ATR 
determined  dispersion  shows  no  resonance  as  is  achieved  by  the  theoretical  dispersion 
ceiacionship.  Since  ai^v  at  2.69,  there  is  no  physical  explanation  why  there  is  no 
resonance  present  in  the  ATR  dispersion  curve  obtained  using  real  frequencies.  Con¬ 
sequently,  the  only  true  coupling  to  the  suzisoe  plasmon  resonance  of  a'*’  silicon  will 


Fig.  3.  Thaotetioal  dispatiioa  oarve  (equation  (1))  of  the  surface  plasmon  of  a'  silicon  plottad 
as  tho  real  part  of  tho  eompiox  energy  to*,  reteua  real  wave  rector  id.  Alao  shoem  is  the  light  lino 
(h  «  (u/c|  along  with  tho  eaesgy-wave  reetor  light  lino  (daahed  lino)  generated  by  the  ATS  con¬ 
figuration  shown  in  Fig.  1  b.  Tho  theoretical  diapcteion  curve  is  plotted  hum  tho  parumotore  given 
in  Table  1.  (1)  k,  otic  (light  line);  (2)  la|  ™  (<u/e)<«<a*)/<«<<o)  +  1))*'*;  (3)  ii(  •  (»/«)  a-  sin  (AO), 
AO  -  ST,  a,  -  l.i 

Fig.  4.  Imaginary  part  of  tho  coutpiox  energy  (Mat,)  reieuo  real  wave  rector  for  tbo  surface 
plasmon  of  s'  silicon 
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large  due  to  the  bowing  of  the  silicon  chip  and  the  need  to  add  the  extra  aluminum 
spacer  pads.  The  deviation  in  the  region  of  the  minimum  for  the  curve  fit  in  Fig.  lb 
is  possibly  indicative  of  the  need  to  include  a  frequency nlependent  collision  time.  A 
similar  deviation  was  obtained  by  Kukharskii  and  Suhashiev  [9]  when  they  curve- 
fitted  a  Drude  model  to  n’’  silicon.  They  corrected  this  deviation  by  using  a  frequency- 
dependent  relaxation  time.  There  exist  other  problems  in  this  part  of  the  spectral 
region  where  the  Drude  model  should  be  corrected.  Xamely,  as  shown  by  Salzberg 
and  Villa  [G],  Sra  increases  from  ss  11.7  at  G  'jim  to  «  11. S2  at  2.3  ;jLm.  This  is  due  to 
the  dispersion  of  the  index  of  refraction  when  the  band  edge  is  approached.  Spitzer 
and  Fan  [10]  have  shown  that  this  is  a  small  absorption  band  in  the  range  of  1.3  to 


Table  I 

Experimentully  determined  Crude  free-carrier  parameters  for  n'  silicon 


Sog') 

.Y/m* 

r 

i»*  '•)  .Y 

/<opt 

( 10“  electrons/cm^) 

(10-“  s) 

( 10**  elections/cm^) 

(em-,'Vs) 

11.7 

3.33 

3.02 

Ojltt  9.31 

•>8.3 

Input  parameter  for  calculation. 

'•)  Fraction  of  electron  rest  moss  obtained  from  .Spitzer  and  Fan  [10]. 


3  ujn  which  is  dependent  on  the  carrier  concentration.  Corrections  for  these  effects 
were  not  included  due  to  the  relatively  large  experimental  error  and  in  the  region 
A  >  3  txm  the  region  where  the  surface  plasmon  exists  the  curve  fits  were  good  enough 
and  should  accurately  reproduce  the  surface  plasmon  response. 

The  experimentally  determined  Drude  free-carrier  parameters  are  shown  in  Table  I 
along  with  the  optical  mobility  u  =  er/m*  and  the  electron  carrier  concentration  N. 
The  overall  accuracy  of  this  least-squares  fitting  procedure  can  be  seen  by  viewing 
Fig.  2  where  each  parameter  is  varied  by  15%  (higher  values)  from  the  best  fit  which 
is  also  plotted  with  it.  A  value  of  iV  =  7  X  10“  electrons/cm*  was  determined  from 


Fig.  2.  ATR  reflectivity  spectrum  of  n'  silicon  where 
each  of  the  beet-fit  parameters  r.  .Y/m*,  and  d  are 
changed  to  16°^  higher  valuee.  Best-fit  parameters: 
soo  -  11-7.  r  -  8.122  x  10->»  s,  -V/m*  -  .1.M  x  10*» 
electroas/cm^  d  »  0.210S  um 
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Fi^.  1.  formalized  AXB  reflection  i{wctnim  of  a'  silicon  plotted  os  aormaiized  p.poitirized 
reflectiTity  rersua  warelengtii.  Solid  points  ore  the  data  points  corrected  idr  etfects  of  the  alu¬ 
minum  spacer.  Solid  cnrre  is  the  best-fit  leost-sqatwes  curee  with  the  best-fit  pummeters  shown 
in  the  blociced  region.  Shotm  in  the  insert  is  the  ATB  geometry  used  'virh  the  angle  of  incidence 
of  the  input  beam  is  a)  3*  {6  «  3.17  x  lO"*.  r  »■  9.11  x  10“**  s-  ™  ;J.313  •  10** electrons/ 

cm*,  d  «  0.1867  am.  b)  0*  {6  «  9.16  x  10“*.  r  «  3.12  x  10“'*  ».  Xlm*  «  ;  I (»*•  electrons/ 

cm*,  d  ^  0.2105  tun);  Saa  *  11.* 

where  Che  dacn  points  are  corrected  for  the  effects  of  the  aiuminiun  spacers.  The 
optical  properties  of  the  a**  silicon  were  determined  by  doing  a  least -squares  curve 
fit  of  the  Drude  parameters  y/m*  and  r,  and  the  air  gap  d.  IHie  high-frequency  di¬ 
electric  constant  s«  used  in  the  Drude  model  (equation  (2))  was  taken  to  be  equal  to 
if  s  11.7  —  Che  dleiecCrio  constant  of  silicon  at  zero  frequency  in  the  absence  of  free 
carriers.  Since  silicon  is  homopolar,  the  dielectric  constant  of  silicon  is  equal  to 
in  the  absence  of  free  carriers  from  zero  frequency  up  to  Che  first  interband  transition. 
The  dielectric  constant  e„  *  11.7  was  determined  by  Saizberg  and  Villa  [b]  on  measur¬ 
ing  the  refractive  index  of  a  prism  made  of  single  crystal  silicon.  Thi.<i  dielectric 
constant  also  agrees  with  the  value  measured  at  radio  frequencies  on  intrinsic  silicon 
by  Dunlap  and  Waiters  [7]. 

The  parameters  .Y/m*  andr  were  varied  along  with  the  air  gap  d  to  obtain  the  best- 
Gt  least-squares  parameter  i  deGned  as 

a  *- 1  ^  — 

where  the  sum  over  %  is  for  all  data  points  and  Jf  is  the  total  number  of  data  points. 
The  curve  Gtting  program  [3]  was  based  on  choosing  an  air  gap  d  and  Gnding  the 
parameters  W/m*  andr  which  had  a  best  Qt  of  the  measured  reGection.  The  air  gap  d 
is  used  almost  like  an  independent  parameter,  that  is,  lor  a  particular  d  the  b«t-Gt 
parameters  are  determined,  then  d  is  varied  and  a  set  of  new  best-Gt  parameters  is 
determined,  and  the  total  set  with  the  smallest  /  is  chosen  ae  the  best  Gt.  The  total 
percentage  area  of  aluminum  covering  the  silicon  was  (7.(5  2.7)%.  Tlie  input  beam 

was  masked  to  hit  only  the  unifonn  air  gap  area,  and  it  was  impossible  to  measure 
exactly  the  total  area  of  aluminum  that  was  blocking  the  beam  from  hitting  the 
silicon.  Therefore,  the  ATR  computer  calouiatiocs  were  calculated  for  different  per¬ 
centages  at  aluminum  present  within  the  2.7%  change  as  given  above:  and  the  best 
Gt  was  determined  by  the  lowest  least-squares  deviation.  The  beet-Gt  Drude  reflect  ivi- 
ties  are  plotted  on  the  same  graphs  as  the  reGectivity  data. 

3.  Besnlts  and  Dfieussion 

2.2  Opticnt  propel  Uem 

The  Drude  ffee-eieotron  model  of  the  dielectric  function  fits  satisfactorily  to  the 
ATB  spectra  curves  as  shown  in  Fig,  la  and  b.  The  experimental  error  is  relatively 
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ions  and  to  diffuse  the  phosphorous  ions  into  the  bulk  of  the  sample  and  remove  the 
high  concentration  of  ions  left  on  the  surface.  The  samples  tvere  then  deglazed  in  a 
10;  1  solution  of  H.O  and  HF  for  5  min  for  the  purpose  of  removing  any  grown  ottide 
on  the  silicon  surface.  The  final  resistance  of  the  diffused  layer  was  0  Q/square. 

The  initial  wafers  had  a  bow  of  0.113  mils  and  a  taper  of  0.03  mils  across  the  2  in. 
diameter.  The  processed  wafers  were  scribed  and  broken  into  ATH  sample  sizes  of 
430  X  300  sq.  mils.  Aluminum  spacers  were  electron  beam  evaporated  onto  two  comers 
of  the  silicon  and  nine  ^  20  mil  diameter  aluminum  spots  were  evaporated  between 
the  two  comers.  The  silicon  wafers  were  mounted  mth  double  backed  tape  onto 
optical  flats  (1/2"  thick).  With  the  silicon  die  mounted  on  the  optical  flat  as  they 
were  compressed  against  the  base  of  the  prism,  bowing  of  the  wafer  would  take  place 
when  only  the  two  comers  of  the  die  were  coated  mth  aluminum.  Consequently,  the 
addition  of  the  «  20  mil  diameter  spots  across  the  center  region  reduced  the  bo'ving 
significantly  and  allowed  a  reasonably  uniform  air  gap  to  e.'cist  between  the  prism 
base  and  the  silicon. 

2^  Experimmnial  mtaaHrmnenta  mui  data  aitalifaia 

Initial  investigations  of  the  optical  properties  of  n'^  silicon  were  done  by  measuring 
the  near  normal  incidence  reflectivity  of  silicon  versus  gold.  These  measurements 
were  not  absolute  but  were  done  for  the  purpose  of  finding  the  plasma  edge  and 
minimum.  The  minimum  appeared  to  be  at  4.3  am  and  consequently  ATR  spectrum 
runs  were  performed  in  the  range  of  3  to  9  um.  ATR  measurements  were  performed 
by  measuring  the  ratio  of  the  reflected  intensity  of  p-polarized  light  (R^)  with  the 
sample  pressed  against  the  ATR  prism  to  that  with  the  sample  removed.  The  Otto 
ATR  method  of  exciting  surface  plasmon  modes  was  used  where  the  surface  plasmon 
was  for  an  air—Si  interface.  A  CaF^  prism  (37.1'’-J1S.0'’  (apexj-ST.S®)  was  used  for  all 
measurements;  it  has  an  average  index  of  1.43  and  it  transmits  out  to  9am.  The 
prism  base  was  flat  to  greater  than  a  tenth  of  a  wave  (0.34(11  am)  and  the  uniformity 
of  the  air  gap  was  determined  by  viewing  Newton  interference  fringes  for  angles  less 
than  the  critical  angle  and  by  viewing  the  surface  plasmon  resonance,  of  aluminum 
which  appears  in  the  visible  spectrum  for  angles  greater  than  the  critical  angle, 
uniformity  of  this  color  absorption  was  adjusted.  Good  uniformity  of  the  air  gap 
across  the  whole  silicon  surface  was  impossible  to  obtain  due  to  its  natural  bow; 
consequently,  the  input  beam  was  masked  to  hit  only  the  approximatelv  uniform 
section.  Due  to  this  bowing  problem,  uniform  air  gaps  could  be  obtained  onlv  for 
small  spacings  between  the  silicon  sample  and  the  prism  base.  The  probable  reason 
for  this  reduction  of  bowing  at  small  spacings  is  that  both  high  points  on  the  silicon 
and  dust  particles  are  present  between  the  prism  base  and  silicon  surface  which  act 
as  a  natural  spacer. 

The  globar  light  source  was  focused  down  (beam  divergence  3”)  and  optical  align* 
ment  of  the  beam  could  be  seen  by  viewing  the  output  beam  of  the  prism  assembly 
with  a  mirror.  The  reflection  spectra  were  taken  on  a  Perkin*£lmer  model  301  far* 
infrared  spectrometer  operated  in  a  single*beam  mode  with  the  addition  of  appropriate 
gntings  and  filters.  The  13  Hz  chopped  signal  from  the  thermocouple  detector  was 
digitized  and  then  computer  averag^.  The  wire  grid  polarizer  was  placed  in  the  p* 
polarizing  position  and  placed  before  the  input  beam  to  the  prism. 

Optleal  eonatmta  and  ATR  eurva  fitting 

The  ATR  reflection  spectra  were  taken  at  room  temperature  and  displayed  in  Fig.  1  a 
and  b.  The  spectra  are  plotted  as  normalized  reflectivity  ratio  versus  wavelength 
*  phralm  (b)  lOT/l 
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where  fc|  is  the  magnitude  of  the  surface  plaamon  wave  rector  which  ia  parallel  to 
the  interface,  at  the  surface  plaamon  frequency,  c  the  speed  of  light,  and  s(a»)  the 
frequencV'dependent  built  dielectric  function  of  silicon  which  for  this  study  will  be 
of  the  form  of  the  Drude  free-electron  model  which  is 


£(0)) 


sdw)  —  ie.(ai) 


Sco 


(2) 


where  £«  ia  the  high-frequency  dielectric  function,  atp  »  (<^Ne“!eaain*y'-  the  bulk 
plasma  frequency,  m*  the  electron  effectire  maaa,  *Y  the  electron  concentration,  e  the 
electronic  charge,  and  r  the  eiectronio  relaxation  time. 

For  a  damped  snrface  oscillation  the  complex  frequency-real  wave  vector  solution 
of  the  dispersion  relationship  given  by  (1)  is  solved  by  the  methods  of  Gammon  and 
Palik  [5].  The  wave  vector  k|  is  assum^  real,  while  the  frequency  of  the  excitation 
is  complex  and  equal  to 

at  M  a>i  -f-  iot*  ,  (3) 


where  01^  ia  the  surface  plaamon  frequency,  and  atf  is  related  to  the  surface  plaamon 
damping.  A  plot  of  ot^  versus  yields  the  surface  plaamon  dispersion  curve.  Briefly, 
Gammon  and  Palik  [3]  methods  involve  snbstituting  (2)  and  (3)  into  (1)  and  solving 
for  a  at;  value  for  a  particular  at;  value  such  that  the  imaginary  part  of  ( 1)  is  equal  to 
tero.  Wth  these  values  of  at;  ai^  at.  the  real  part  of  (1)  is  solved  for  the  real  wave 
vector  fcf).  Repeating  this  produces  a  set  of  oip  at;,  and  k(  values  are  obtained  from 
which  the  dispersion  curve  is  obtained.  The  complex  wave  vector-real  frequency 
solutions  of  the  surface  plaamon  dispersion  relationship  (equation  (1))  \vill  not  be 
discussed  in  this  study. 

The  Otto  ATR  technique  [1]  ia  a  method  for  coupling  incident  electromagnetic 
waves  to  surface  polaritona.  By  computer  curve  fitting  the  ATR  spectra  to  the  Drude 
dielectric  function  (equation  (2))  the  optical  properties  of  the  surface  active  medium 
are  obtained.  Using  these  opticsd  constants  the  dispersion  relation  of  the  surface 
plaamon  on  the  real  frequency  is  obtained  from  the  computer  calculated  minima. 
Fach  minimum  is  obtained  bv  fiviwg  the  incident  angle  and  varying  the  frequency, 
where  the  reflected  intensity  of  p-poiarized  light  is  greater  than  90%  at  the  minimum. 

Section  2  contains  the  experimental  details  of  sample  preparation  and  surface 
plaamon  resonance  measurements.  Section  3  gives  the  results  of  the  optical  measur^ 
menta  and  diiminsei  the  dispersion  of  the  surface  plasmon  on  the  real  frequency  axis. 
In  Section  4  we  discuss  the  ATR  anaivais  in  the  complex  frequency  plane  and  the 
complex  frequencv  optical  properties  of  n'^  silicon.  In  Section  3  we  summarize  our 
results. 


2.  Experiment 

ZJ.  Smnpim  prtpmratfon 

The  n'^  silicon  samples  were  obtsuned  by  diffusing  phosphorus  into  a  3  Qcm  n-type 
silicon  wafer.  The  initial  wafers  were  2  in.  in  disuneter  and  IS  mils  thick  and  were 
polished  on  both  sides.  The  samples  were  prepared  at  the  Micro-Electronics  Production 
Laboratory  at  Hughes  Aircraft  Company  in  Carlsbad.  The  wafers  were  initially 
prefurnace  cleaned  in  a  30:30  mixture  of  H;S0;  and  to  remove  any  oxide  on 
the  sur&ce  and  to  take  off  any  wax  left  from  the  polishing  The  samples  were  then 
diffused  at  923  ’C  in  phosphine  (PH;)  gas  for  20  min  with  a  pre-heat  and  post-heat  for 
10  min  in  After  the  n'^  deposition,  the  samples  were  heated  at  1000  ^C  in  pure 
nitrogen  for  180  min.  The  purpose  was  to  both  e^trically  activate  the  phosphorous 
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The  optical  properties  of  the  surface  plasmon  of  n"  silicon  are  determined  by  a  least-squares 
curve  fit  of  the  Drude  intraband  model  to  the  ATR  reflection  spectra.  The  surface  plasmon 
resonance  of  n'  silicon  is  highly  damped  (<Upr  •  2.69).  and  causes  the  .A.TR  dispersion  curve 
calculated  on  the  real  frequency  axis  to  e.xhibit  back-bending  for  its  complex  frequency-like  solu¬ 
tions:  whereas  the  theoretical  dispersion  curve  exhibits  the  standard  wave  rector  divergence  at 
the  surface  plasmon  frequency.  Tliis  discrepancy  is  rectified  by  converting  the  optical  properties 
of  n'  silicon  into  functions  of  complex  frequency,  and  using  them  to  calculate  the  .VTR  dispersion 
curve  in  the  compie.x  frequency  plane.  A  comparison  of  the  Drude  dielectric  function  as  a  function 
of  real  and  complex  frequencies  is  analyzed.  The  comparison  shows  that  the  difference  between 
their  values  is  small  at  high  frequencies  and  deviate  the  largest  in  the  region  near  the  surface 
plasmon  resonance. 

Die  opcischen  Eigenachaften  des  Oberflachen-Piasmons  von  o'-  Silizium  werden  bestimmt. 
indem  fur  doa  Omde-Intrabund-lIodeil  die  Uethode  der  kleinsten  Quadrate  fur  das  Verfahren  der 
stoehastiachen  Survenermittlnng  an  die  abgeschwilchten  Totolreflexiona-Spektren  beniitzt  arird. 
Die  Oberflichen-Plasmoniesonanz  von  n'-  Silizium  iat  stark  gedampft  (<upr  «  2.69)  und  besvirkt. 
dad  die  auf  der  wirklichen  Frequenzachae  berechnete.  abgesehwochta  Totalreflexiona-Dispeniona- 
kurve  eine  Zurnekbiegung  fQr  deren  komplexe  frequenzortige  Losungen  aufweist.  wohins^en  die 
theoretische  Dispersionakurve  dieStandord-Wellenvektor-Divergenz  bei  der  Oberflachen-Plusmon- 
frequenz  aufweist.  Dieae  Unatimmigkeit  wird  korrigiert.  indem  die  optiachen  Eigenachaften  von 
n '-Silizium  in  .^bhhngigkeit  von  der  kompiexen  Frequenz  umgewandelt  werden.  und  indem  diese 
l>enutzt  werden.  um  die  Kurve  der  abgeschwiichten  Totalreflexion  in  der  Ebene  lier  komple.xen 
Frequenz  zu  berechnen.  Ein  Vergieich  der  dieiektriachen  Funktion  nach  Drude  in  .^bhiingigkeit 
von  wirklichen  und  kompiexen  Frequenzen  wird  analysiert.  Der  Vergieich  ergibt.  claS  der  L'nter- 
schied  zwiachen  den  Werten  bei  bohen  Frequenzen  niedrig  ist.  und  dafi  die  Werte  am  meisten  im 
Bereich  nahe  der  Oberflachen-Plasmonresonanz  abweichen. 

1.  Introduction 

The  dispersion  relationship  of  surface  polaritons  of  metals  [1,  2]  and  semiconductors 
[3]  has  been  extensively  studied  for  materials  where  the  damping  of  the  surface 
polariton  oscillation  is  small.  It  is  the  aim  of  this  study  to  investigate  the  optical 
properties  of  the  surface  plasmon  of  a**  silicon  for  which  the  oscillation  is  highly 
damped.  The  general  dispersion  relationship  for  surface  plasmons  for  an  air-material 
inte^ace  is  [4] 
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The  optical  properties  of  the  noble  metal  copper  are  determined  by  computer  fitting  the  exper* 
imentally  obtained  attenuated  total  internal  reflection  (ATR)  spectra  of  its  surface  plasmon  in 
the  visible  spectral  region  (0.42  to  0.63  iim).  The  dispersion  curves  of  the  surface  plasmon  resonance 
of  copper  are  determined;  they  show  that  the  resonance  exists  on  the  steep  absorption  edge  of  e. 
at  2.16  eV.  This  absorption  edge,  vrhich  is  due  to  the  d-band  to  Fermi  level  transition,  causes  the 
large  shift  in  the  location  of  the  sniface  plasmon  excitation  bom  St(ai^  ^  —  1  to  ei(a)J  w  —4.7 
and  causes  the  true  resonance  to  ocenr  in  the  complex  frequency  plane. 

Die  optisehen  Eigenschaften  des  Edelmetalls  Knpfer  werden  durch  Compnter-Anpassnng  an  die 
experimentell  erhaltenen  inneren  Totalreflexionaspektren  (ATR)  des  Obeiflachrapiasmons  im 
sichtbaren  Spektralbereich  (0,42  bis  0,63  um)  ermitteit.  Die  Dispersionskurven  der  Oberflachen* 
plaamonresonanz  von  Supfer  warden  bestimmt;  sie  zeigen.  dad  an  der  steilen  Absorptionskonte 
von  s.  eine  Resonanz  bei  2,16  eV  vorhanden  ist.  Die  Absorptionskante.  die  auf  den  Ubergang  vom 
d'Band  zum  Fermi-Nivean  znrackzufilhren  ist,  vemrsacht  die  groQe  Verschiebnng  in  der  Lags  der 
Oberflachenplasmonaoregung  von  «t(a>,)  >■  —  1  auf  «  —4,7  und  bewirkt,  dad  die  echte 
Resonant  in  der  komplexen  Frequenzebene  aoftritt. 


1.  Introdaetioa 

The  optical  oonatants  of  copper  have  been  measured  since  the  time  of  Drude.  Copper 
is  known  to  exhibit  interband  transitions  throughout  the  visible  region  of  the  spec* 
trum  starting  with  a  d-band  to  Fermi  level  transition  at  2.1  eV.  However,  copper 
is  known  not  to  exhibit  a  bulk  plasma  resonance.  The  general  explanation  of  this  is 
that  due  to  the  d-states  the  positive  contribution  of  the  bound  part  of  the  dielectric 
function  ef  comes  in  a  frequency  region  where  the  negative  contribution  of  the  free- 
electron  part  of  the  dielectric  function  is  of  too  large  a  magnitude  for  to  reach 
zero.  It  is  the  aim  of  this  study  to  determine  the  optical  properties  of  copper  using 
attenuated  total  internal  reflection  (ATR)  techniques  [1,  2]  and  to  determine  if  a  sur¬ 
face  plasmon  resonance  exists  in  the  visible  region. 

Section  2  contains  the  experimental  details  of  sample  preparation  and  surface 
plasmon  resonance  measurements  and  analysis.  In  Section  3  we  give  the  results  of 
the  optical  measurements,  namely  the  optic^  properties  of  copper  and  the  dispersion 
of  its  surface  plasmon.  This  study  is  concluded  with  a  summary  in  Section  4. 
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2.  Experiment 

Sdmp/«  -pr^partttioH 

The  copper  films  were  prepared  by  thermal  eraporatioa  in  a  high-racuum  deposition 
srsreoi.  Ail  films  were  prepared  on  the  same  day  that  the  ezperunemal  measurements 
were  performed,  so  as  to  reduce  the  effects  of  oxida  forming  on  the  surface.  The  de¬ 
position  was  done  from  an  ALO,  coated  evaporation  boat  with  pure  copper. 

The  evaporation  was  performed  in  a  diffusion  pumped  liquid  nitrogen  trapped  de¬ 
position  system  with  the  pressure  prior  to  growth  ^  2  x  10~*  Tort.  The  substrates 
were  fused  silica  front  surface  mirror  substrates  (7.T3  mm  dia.  x  4.00  mm)  polished 
to  better  than  1/10  wave  flatness  at  0.3461  pm  over  the  center  6  mm  portion.  The  de¬ 
position  rate  was  150  A/min  and  was  monitored  during  evaporation  mth  a  Sloan 
Omni  ILA  rate  and  thickn^  monitor.  The  total  thickness  of  the  Cu  films  svas  3000  A 
as  measured  by  a  Sloan  Angstrometer.  The  prepared  films  had  a  bright  metallic 
luster  and  visually  appeared  to  be  optically  smooth  and  homogenous. 

3jS  ExperimenUU  meeauretnente 

The  Otto  ATR.  method  [1,  2]  of  exciting  surface  plasmons  \vas  used  where  the  surface 
plasmon  was  for  an  air-Cu  interface.  The  AIR  measurements  were  performed  by 
measuring  the  ratio  of  the  intensities  of  p-poiarixed  light  ( Rf)  to  that  of  s-poiahzed 
light  {R,)  with  the  sample  pressed  against  the  base  of  the  ATli  prism  and  normalized 
to  the  reflectivity  with  the  sample  removed.  The  pdam  used  for  optical  measurements 
was  a  (43.0^—39.9^  (apex) — 4S.l^)  light  flint  prism  which  was  flat  to  greater  than 
a  tenth  of  a  wave  at  0.5461  pm.  The  air  gap  was  obtained  by  using  either  evaporated 
spacers  or  natural  dust  pattioles.  The  unifonnity  of  the  air  gap  was  adjusted  by 
observing  the  uniformity  of  the  surface  plasmon  resonance  of  copper  at  angles  greater 
than  the  critical  angle  of  total  internal  reflection.  Beautiful  colors  of  red,  green,  and 
blue  could  be  visually  seen  for  p-polarized  light  depending  on  the  viewing  angle  and 
the  air  gap  thickness.  These  colm  cotdd  be  seen  for  the  largest  viewing  an^e  poasibie, 
therefore  indicating  the  wave  vector  divergence  of  the  resonance  condition.  At  angles 
less  than  the  criti^  angle,  Newton  intexfmnce  colors  were  not  visible  due  to  the 
!wni.nn».«ii  of  the  air  gap  used  (d  1000  A).  The  reflection  spectra  were  taken  on 
a  Ferkin-Elmer  model  301  far-infrared  spectrometer  modified  to  operate  in  the  single- 
beam  mode  in  the  visible  with  the  edition  of  1440  Unes/mm  grating,  appropriate 
fUters,  <^nd  use  of  tungsten  light  source  and  EMI  photomultiplier  No.  9692B.  The  data 
collection  system  consisted  of  locking  in  on  the  13  Hz  chopped  signai  with  a  PAR 
model  124A  lock-in  amplifier.  The  d^a  w«e  digitized  and  punched  on  paper  tape 
and  a  PDF  11/20  computer  averaged  the  data  and  general^  a  plot  of  normalized 
reflectivity  versus  wavelength.  A  digital  controller  was  used  to  sequence  a  stepping 
motor  for  changing  for  both  polarizations  and  for  stepping  the  wavelength  <Mre 
through  the  visible  spectrum  [3].  All  experimental  data  were  obtained  by  fixing  the 
angle  of  incidence  of  the  input  light  and  by  varying  its  frequency;  that  is.  the  com¬ 
ply  frequency  behavior  of  the  siuface  plasma  reeonance  wae  analyzed. 

ZJ  Optieai  eoneteU  deiermiaatkm 

The  ATR  experiments  were  performed  with  a  constant  air  gap  and  incident  angle; 
the  reflectivity  ratio  (RfjR,)  was  measured  as  a  function  of  wavelength.  All  optical 
measurements  were  taken  at  room  temperature  and  are  plotted  as  normalized  reflec¬ 
tivity -ratio  (iZp/JZ^  versus  wavelength,  ae  shown  in  Pig.  1  a  and  b. 

To  theoretic^  curve  fit  an  experimental  ATR  curve  the  wavelength  dependent 
optical  constants  n  and  k  need  to  be  determined  along  with  the  wavelength  indepen- 
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Fig.  1.  Attenuated  total  internal  reflection  spectrum 
of  copper  plotted  as  the  normalized  ralue  of  the 
reflectivity  ratio  (iJp/Jf,)  versus  tvaveiength.  Solid 
points  denote  the  experimental  data  with  a  solid  line 
drawn  tlirough  them  for  clarity.  The  ■'.'s  are  the 
computer  fitted  values.  The  best-fit  air  gap  value  id) 
is  in  a)  1400  X  and  in  b)  480  .4.  The  angle  of  incidence 
of  the  incoming  light  tvith  respect  to  the  input  side 
of  the  light  flint  prism  is  shown  in  the  ATE  diagram 
in  the  insert.  computer,  •  experimental 
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dent  air  gap  d.  For  each  ATR  spectrum  the  wavelength  dependent  normalized  reflec¬ 
tivity  ratio  (.Sp/i?,)  waa  measured  giving  us  one  set  of  values  for  two  unknown  wave¬ 
length-dependent  values  {n  and  k)  and  wavelength-independent  value  of  d.  Conse¬ 
quently,  it  is  impossible  to  determine  the  optical  constants  and  the  air  gap  directly 
from  the  experimentally  obtained  data.  The  method  that  was  chosen  was  to  use  the 
experimentally  determined  optical  constant  k  obtained  in  the  spectral  region  of  0.44 
to  0.35  qm  by  Schultz  [4].  He  obtained  accurate  values  of  k  from  normal-incidence 
transmission  measurements,  which  is  more  sensitive  for  determining  h-values  than 
reflectance  measurements.  The  spectral  region  of  0.44  to  0.35  qm  was  chosen  for  two 
reasons,  the  first  being  that  the  relative  change  of  k  is  nearly  flat  on  the  low-energ^' 
side  and  slopes  off  slightly  on  the  high-eneigy  side;  the  second  being  that  this  region 
is  at  higher  energy  than  the  surface  plasmon  minimum  and  therefore  will  have  a  small 
effect  on  the  optical  constants  determined  in  this  region. 

The  optical  constants  in  the  0.44  to  0.33  ;zm  region  were  determined  by  using 
Schultz’s  [4]  k-values  and  the  experimentaUy  obtained  RflU,  values  for  two  ex¬ 
perimental  curves.  The  procedure  used  waa  to  pick  an  arbitrary  air  value  for  ex¬ 
perimental  curve  1  and  then  to  calculate  from  the  R^IR^  and  1;- values  a  set  of  a- values. 
With  this  set  of  n-  and  1;- values,  curve  2  was  computed  and  compared  to  the  experi¬ 
mental  curve.  The  air  gap  for  the  second  curve  d,  was  varied  until  an  optimum  fit  was 
obtained.  This  procedure  was  performed  several  times  by  varying  the  air  gap  d^  until 
the  best  fit  for  curve  2  was  obtained.  The  ib-values  of  Schultz  [4]  were  accurate  to 
i2%  and  therefore  they  were  varied  within  this  range  to  optimize  the  fit.  Once  this 
procedure  was  complete,  a  set  of  n-  and  l;-values  was  determined  for  the  spectral 
range  0.44  to  0.35  qm  and  the  l^t-fit  air  gaps  d-^  and  d,  were  determined.  The  final 
stepping  interval  for  d  was  ±3  A  whereas  the  n-values  were  determined  to  0.0002  for 
each  curve.  Once  the  air  gaps  d^  and  d,  were  determined,  the  experimental  reflectance 
data  could  be  used  directly  to  obtain  both  n  and  k  in  the  surface  plasmon  region. 
The  procedure  for  this  region  waa  to  pick  a  l;-value  and  to  find  the  set  of  a-values 
which  would  fit  the  experimental  curves.  The  constraint  used  in  this  part  of  the 
spectral  range  was  that  the  Ir-values  should  vary  smoothly  in  this  interval  and  that 
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the  error  be  displaved  in  the  n-Taluea.  The  reaeon  for  this  ^11  be  explained,  in  the 
results  section.  Computer  programs  [3]  ^ere  written  using  the  Fresnel  reflection 
coefficients  and  the  three-media  multilaver  reflectance  formula  to  theoretically  com¬ 
puter  fit  the  experimental  data.  The  computer  fits  are  shown  by  x ’s  on  the  same 
graphs  as  the  reflectirity  data  in  Figs.  1  a  and  b. 

3.  Besnlts  of  the  Optical  Beaanrements  of  the  Surface  Plasmon  of  Copper 

3J.  Optical  proparttem 

The  ATR  determined  optical  constants  n  and  k  are  shown  in  Fig.  2  a  and  b,  while  the 
dielectric  fimctions  ei(at)  and  e.(m)  are  shown  in  Fig.  3  a  and  b,  respectiTely  along  with 
the  calculated  normal-incidence  reflectmty  in  Fig.  4.  The  error  in  determining  the 
optical  constants  is  difficult  to  estimate,  '^e  average  percentage  error  in  the  deter¬ 
mined  index  of  refraction  as  shown  in  Fig.  2a  was  1.3S°'a.  The  average  experimental 
error  \vaa  ^  which  gives  an  error  of  ^  — 2'’o  for  the  index  of  refraction  values, 
while  an  error  of  2*’,  in  the  h-valnes  yields  an  ^  3.3°^  error  in  n.  Combining  ail  the 
error  producing  terms  yields  an  approximate  error  of  for  the  a-values  and  4‘’^o 
for  the  /L-values.  The  determined  optical  constants  are  quite  adequate  for  determining 
the  optical  properties  of  the  surface  plasmon  dispersion  which  is  the  main  purpose 
of  this  investigation.  By  evaluating  the  imaginary  part  of  the  dielectric  function  f., 
we  obtain  a  strong  absorption  edge  at  2.15  eV  which  is  attributed  to  the  d-band  to 
Fermi  surface  transitions  A«  Ai(Ff)  and  L^Q->-)  ;  the  band  nomenclature 

is  due  to  llueller  and  Phillips  [3].  The  rapid  rise  in  r.  is  due  to  the  flatness  of  the  L, 
d-band,  which  permits  a  lai^  number  of  interband  transitions  to  the  Fermi  surface 
within  a  narrow  miergy  range.  The  first  peak  in  e.  is  seen  at  «  2.48  eV  and  corresponds 
to  the  transition  Lj(Q— )  F^I4}.  These  values  agree  well  with  those  obtained  by 
Welkowsky  and  Braunstein  [6]  which  were  2.13  and  2.33  eV. 


PI*.  2  Fi*.  3 

F!*.  2.  Plot  of  the  a)  real  and  b)  imaginary  part  of  the  refnotive  index  of  copper  versus  wave* 
length  for  the  computer  fitted  data  of  Fig.  1  a  and  b.  JJao  shown  is  the  location  of  the  surface 
piauum  reaonanoe  (Id 

Fig.  3.  Plot  of  the  t)  real  and  b)  imaginary  part  of  the  dielectric  function  of  copper  versne  wave¬ 
length  for  tho  computer  fitted  data  of  Fig.  la  and  b.  Also  shown  is  the  location  of  the  surface 
pleamon  teeonance  (Id 
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3Jl  Dispersion  analysis 

The  experimental  dispersion  of  the  surface  plasmon  resonance  can  be  seen  by  noting 
the  shift  of  the  minimum  for  two  different  incidence  angles  in  Fig,  1  a  and  b.  The 
ATR  experimental  minima  must  be  corrected  for  the  effects  of  the  prism.  These 
effects  are  essentially  eliminated  by  using  only  the  minima  obtained  when  the  mini¬ 
mum  reflectivity  for  p-polarized  light  is  greater  than  ss  90®o.  The  dispersion  curve 
for  tne  ATR  analysis  is  accomplished  by  plotting  the  value  of  the  energj'  at  the 
minimum  of  each  ATR  curve  obtained  for  different  incident  angles  (different  wave 
vectors  l;i|)  for  continuous  changes  in  the  frequency  of  the  incident  light.  The  ATR 
computed  [.3]  dispersion  curve  is  shown  in  Fig.  3  where  the  error  bars  signify  that 
minima  were  determined  >vithin  i  10  A  at  low  values  of  wave  vector  and  —1  A  at 
high  wave  vector  points.  The  dispersion  curve  shows  the  characteristic  surface 
plasmon  resonance,  that  is,  l;i|  oo  at  a>  =  m,.  The  computed  and  experimental 
ATR  spectra  had  leas  than  10“o  absorption  for  s-polarized  light  as  expected  theoreti¬ 
cally.  The  resonance  value  for  the  plotted  wave  vectors  is  at  2.103  eV.  The  energy 
wave  vector  light  line  generated  by  the  prism  for  the  experimental  runs  of  Fig.  1  a 
and  b  are  shown  on  the  dispersion  curve  plot  in  Fig.  3. 

The  experimental  ATR  minima  shown  in  Fig.  1  a  and  b  occur  at  lower  energy  due 
to  the  prism  and  the  large  amount  of  overcoupUng  (s  75°/q  absorption  of  incident 
light);  the  minimum  is  partly  governed  by  the  resonance  condition  fi(o>)  s  — 
which  causes  the  resonance  to  shift  to  a  frequency  where  Si(a))  is  more  negative.  The 
location  of  the  surface  plasmon  resonance  is  shown  in  the  plots  of  the  optical  constants 
n  and  k  in  Fig.  2  a  and  b  and  on  the  diilectric  function  plots  of  and  e,  in  Fig.  3  a 
and  b.  In  the  region  of  the  surface  plasmon  resonance,  the  error  bars  for  determining 
the  index  of  reaction  is  large,  as  shown  in  Fig.  2  a.  This  error  is  mainly  due  to  the 
effects  of  very  thin  oxide  layers  on  the  copper  surface  which  cause  the  resonance 
condition  to  shift.  This  is  the  reason  why  the  arbitrary  criteria  of  fixing  the  values 
of  k  to  lie  on  a  smooth  curve  was  chosen  as  expiaiaad  in  the  previous  section  for 
determining  the  optical  constants.  As  seen  from  Fig.  3,  the  surface  plasmon  resonance 


4.  Plot  of  the  calculated  nonnal>incidence  reflectivity  of  copper  using  the  average  optical 
constants  obtained  from  the  computer  fitting  of  Fig.  1  a  and  b.  Also  shown  is  the  location  of  its 
tuxioce  plasmon  teaonance  (H,)  on  the  steep  reflectivity  edge 

Fig.  3.  Dispersion  curve  of  the  surface  plasmon  of  copper  (solid  line).  Ran^  bars  indicate  that 
tha  minima  were  determined  within  ±10  A  for  low  wave  vector  and  ±1  .4  for  high  values  of 
wave  vector.  Also  shown  is  the  energy-wave  vector  light  line  generated  by  the  prism  for  the 
*vperimentai  spectra  of  Fig.  1  a  and  b  where  the  low  wave  vector  line  corresponds  to  Fig.  1  a  and 
the  high  wave  vector  line  to  Fig.  1  b.  The  angle  (AO)  is  with  respect  to  normal  to  the  prism  base 
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Fig.  S'.  Complex.<u  and  compiex-ii;  dispersion  curves  of 
the  snifnce  piosmon  ot  copper  along  'vith  a  plot  ot 
the  energy-trare  rector  relation  for  light  in  air 


occurs  at  ri(&j)  a  — 4.T  tvhioh  is  a  large  deviation  from  the  normal  condition  s 
a  —I.  This  deviation  is  due  to  the  reiativelv  large  value  of  »  4.4  which  causes 
the  resonance  to  be  damped  and  the  true  resonance  to  occur  in  the  complex  frequency 
plane  at  c(tu  a  a>,)  ^  —1.  It  should  also  be  noticed  that  the  resonance  occurs  on  the 
steep  absorption  edge  of  the  d<band  to  Fermi  level  transitions. 

Shown  in  Fig.  4  is  the  location  of  the  surface  plasmon  resonance  (X,)  on  the  normal- 
incidence  reflectivity  curve.  This  resonance  should  be  barely  visible  in  high-resolution 
normal-incidence  reflectivity  spectra  on  copper  which  lias  a  rough  surface.  Hie  rough 
surface  acts  as  a  grating  coupler  and  permits  coupling  between  the  incident  transverse 
light  and  longitudinal  surface  plasmon  resonance  [7]. 

Steel  [S]  has  done  a  study  on  the  characteristics  of  the  energy  loss  function  (L)  for 
Au  and  Ag.  He  used  a  Drude-Lorentz  model  for  characterizing  the  dielectric  functions 
of  Au  and  Ag  and  varied  the  free-electron  plasma  frequency  and  relaxation  time  and 
studied  their  relationship  to  peaks  in  the  energy  loss  function.  He  determined  that 
*'the  presence  of  the  absorption  band  causes  the  structure  in  (£)  to  change  from  the 
single  free  oiecfron  peak  to  two  peaks:  a  comparatively  weak  low-energy  peak  (L£P) 
below  the  absorption  band  and  also  a  strong  high-energy  peak  ( HHP)  above  cu^o" ; 
where  co^  is  the  bulk  plasma  frequency.  The  surface  plasmon  resonance  of  copper  os 
obtained  in  this  study  is  equivalent  to  the  surface  plasmon  resonance  associated  with 
the  (LEP)  as  discuss^  by  Steel  [3];  but  there  is  no  peak  in  the  energy  loss  function 
at  these  low  energies  where  the  energy  loss  function  for  the  surface  pla^on  resonance 
is  defined  nt  L  ^  — Im  [l/(e  —  I)].  The  probable  reason  for  this  is  that  the  damping 
is  larger  in  Cu  than  it  is  for  both  Ag  and  Au  and  that  the  resonance  is  truly  a  function 
of  complex  frequency.  It  can  be  easily  seen  that  the  location  of  the  surface  plasmon 
resonance  in  Fig.  4  is  in  the  region  of  the  steep  drop  in  normal-incidence  reflectivity. 
This  reflectivity  drop  is  normally  attributed  to  the  copper  interband  transition,  but 
from  this  study  we  can  see  that  reflectivity  drop  may  alw  be  partially  caused  by  the 
normal  decrease  in  reflectivity  as  the  frequency  a>  goes  through  the  surface  plasmon 
frequency  and  approaches  the  bulk  plasmon  frequency.  The  existence  of  the  bulk 
plasma  frequency  is  still  questionable  and,  if  it  exists,  it  will  occur  in  the  complex 
frequency  plane. 

It  wae  of  interest  to  see  if  back-bending  of  the  complex-1;  dispersion  curve  occurred. 
The  results  of  the  analysis  are  shown  in  Fig.  0  where  the  real  part  of  the  complex 
wave  vector  {^i)  is  plotted  versus  energy.  The  plot  of  the  complex-o  behavior  is  also 
shown.  It  can  be  seen  that  the  back-bending  of  the  compiex-1;  dispersion  curve  occurs 
when  the  compiex-«ti  curve  diverges,  therefore  having  the  desired  cliaracteristics  of  the 
surface  plasmon  resonance. 
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4.  Summaiy 

Experimental  results  show  that  the  surface  plasmon  resonance  of  copper  exists  in  the 
visible  spectral  region  at  2.163  eV.  The  optical  properties  of  copper  have  been  ex¬ 
perimentally  determined  by  ATR  methods  and  used  to  calculate  the  complex  frequency 
dispersion  curve  which  shows  the  characteristic  wave  vector  divergence  of  the  surface 
plasmon  resonance,  while  the  complex-!;  dispersion  curve  exhibits  the  characteristic 
back-bending.  The  location  of  the  resonance  is  on  the  steep  absorption  edges  of 
which  is  due  to  the  d-band  to  Fermi  level  transitions.  These  transitions  cause  the 
large  shift  in  the  location  of  the  real  frequency  e.xcitations  and  for  the  true  resonance 
to  occur  in  the  complex  frequency  plane.  The  color  of  the  noble  metal  of  copper  may 
be  partially  attributed  to  the  steep  decrease  in  reflectivity  which  is  caus^  by  the 
normal  decrease  in  reflectivity  as  the  excitation  frequency  co  goes  through  the  surface 
plasmon  frequency  and  approaches  the  bulk  plasmon  frequency  and  to  the  numerous 
copper  interband  transitions.  The  existence  of  the  bulk  plasma  frequency  is  still 
questionable  and  if  it  exists  it  will  occur  in  the  complex  frequency  plane. 
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Ramaa  and  lunimeacence  spectroscopy  were  used  to  determine  the  strunure  of  alkali  borate 
ningtute  glasses:  jVjOfBjO])!  sWO,.  M  »  Li  or  Na  (0  <  x  <  I).  Raman  scattering  results  showed 
the  dominant  tungsute  spedes  in  these  photochronhc  glasses  to  be  tetrahedral  WOf .  At  high 
concentrations  of  WOj.  W0)-H]0,  and  are  also  present.  Luminescence  measurements 

provided  evidence  for  an  octahedral  WO)  stmcnaie  not  idenrifiiiri  by  the  Raman  results.  The 
results  also  revealed  a  possible  change  in  the  structure  of  the  glasses  to  that  observed  in 

jiw«ii  borate  gliiT*r  and  a«wv4amH  with  the  ’Tsorate  anomaly".  In  addition,  preliminary  measure* 
mcnts  are  reported  on  the  vanation  of  the  band  gap,  density,  index  of  refraction,  and  the  elasuc 
coeffioent  C, ,  deterauned  by  BriUouin  scattering  svith  composition. 


1.  Introdnetioa 

The  preparation  of  glasses  with  the  composition  A/jO  ■  (B^Oj):  ■  xWOj 
( A/  -  Li,  Na;  0  <  j:  <  1)  has  receaxtly  been  reported  [1].  The  glasses  were  shown 
to  exhibit  a  variety  of  interesting  properties  including  pbotochroinism  and 
electrochromism  [1],  dipole  correlation  behavior  [2],  and  space-charge  injection 
[J].  The  discovery  of  the  photochromism  and  the  unusual  dielectric  properties 
of  these  glass  systems  has  led  us  to  study  the  glass  structure.  An  idendiication 
of  the  tungsute  structures  would  be  helpful  in  determining  the  species  respon¬ 
sible  for  the  properties  mentioned. 

In  this  work,  we  repon  on  the  tungsute  structures  in  the  glasses  as 
identified  by  Raman  and  luminescence  spectroscopies.  The  photochromism  is 
ascribed  to  specific  tungsute  structures.  In  addition,  the  effect  of  added  WO3 
on  the  borate  structures,  as  determined  by  Raman,  index  of  refraction,  density, 
band  edge,  and  BriUouin  measurements,  is  discussed. 


2.  Experimentai 

The  glasses  were  prepared  as  previously  described  from  WO3  and  alkali 
borates  [1].  The  M^O  ■  ■  xWO,  glasses  were  also  prepared  by  the  same 

technique  from  and  BjO,.  Crystalline  AfjWjO)  was  also  prepared  by 

the  same  technique  from  Af^WO^  and  WOj. 


0022-3093/83/0000-0000/S03.00  ©  1983  North-HoUand 


D.  D«ttt  tt  aL  /  Raman  and  luminttetnet  studios 


:08 

The  Raman  scattering  dau  were  coilecied  with  an  apparatus  consisting  of  a 
Spectra*Physics  165  argon  ion  laser,  a  Spec  I400>II  double  monochromator,  an 
ITT  FW  130  photomultiplier  tube,  and  a  photon-counting  system.  The  5145  A 
laser  line  was  used  most  often,  but  the  4880  A  line  was  also  employed  as  a 
check  for  spurious  plasma  lines  and  luminescence.  The  polarization  of  the 
spectra  was  determined  with  the  use  of  a  polarizing  prism  after  the  samples. 

Lummescence  spectra  were  recorded  with  a  Spex  Fluorolog  Spectrometer 
employing  a  mercury  lamp  for  excitation  and  a  photomultiplier  as  the  detector. 
Emission  and  exdudon  spectra  were  taken  on  the  solid  samples  in  the  front 
face  configuration  at  both  300  K  and  77  K.  The  77  K  spectra  were  performed 
by  immersing  the  sample  in  liquid  M;  contained  in  a  quartz  glass  dewar. 

The  samples  studied  were  tested  for  photochrorrhiL.  behavior  by  the  method 
described  previously  [1].  The  tests  confirmed  that  ail  samples  for  which 
structures  were  determined  exhibited  some  photochrcnnism.  Samples  of  pure 
crystalline  tungstates  were  also  tested  for  photochronhsm  in  order  to  determine 
the  structures  responsible  for  the  phenomenon.  The  LTV  and  visible  band  edges 
were  determined  with  a  Cary  239  spectrometer  in  the  spectral  range  of 
200-600  am  using  air  as  a  reference.  Densities  were  measured  with  a  pycnome¬ 
ter.  usmg  methanol  as  the  reference  liquid.  Refractive  indices  were  measured 
with  Cargille  certified  refractive  index  liquids  and  a  Unitron  microscope. 
Samples  were  illuminated  with  4880  A  light  and  their  refractive  indices  were 
obtamed  by  bracketing  the  Becke  line.  Preiiminary  Biillouin  scattering  mea¬ 
surements  were  obtained  using  a  Burleigh  5-pass  Fabry-Perot.  The  scattering 
light  from  a  4880  A  incident  laser  beam  was  deteaed  by  an  RCA  photomuld- 
piier  and  analyzed  by  a  CAMAC  LSI  1 1/2  computer  system. 

3.  Results  and 

The  Raman  speora  for  the  range  of  alkali  borate  tungstate  glasses  are 
shown  in  figs.  I  and  2;  the  spectra  of  LijO  •  (BjO,)]  glass  and  WO,  powder  are 
shown  in  fig.  3  for  comparison.  Glas^  or  amorphous  WO,  hv  not  been 
studied  by  Raman  scattering,  but  the  specmim  is  probably  similar  to  the 
powder  spectrum  with  broader  peaks. 

The  pure  lithium  borate  glass  ( x  «  0)  spectrum  shown  in  fig.  3  displays  the 
characteristic  peaks  found  m  alkali  borate  gia^vs  with  an  aikaij  concentration 
greater  than  16  mol%  [4—6].  The  peak  at  770  cm~'  has  been  attributed  to  a 
tetraborate  structure  with  a  4i<oordinated  boron  atom.  Production  of  aon- 
bonding  oxygen  by  adding  alkali  oxide  is  thought  to  be  responsibie  for  the 
tetraborate  structure  [4];  BjO,  without  added  alkali  oxide  produces  a  Raman 
peak  at  307  cm  ~ '  due  to  a  tiiborate  structure. 

As  shown  in  fig.  I.  the  addition  of  a  small  amount  of  WO,  (x»0.08) 
produces  a  Raman  spectrum  that  differs  little  from  that  of  pure  lithium 
diborate.  This  is  interesting  in  the  light  of  the  large  changes  seen  in  the  elastic 
coeffidenu  (fig.  4)  and  band  edge  (fig.  5).  The  only  apparent  change  in  the 
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Fig.  1.  Raman  wauering  spectra  for  Li]0-<B]0,)i';cW0,  glasses  using  the  5154  A  argon  ion  laser 
line. 


Raman  spectrum  is  a  small  increase  in  scattering  in  9S0  cm~'  peak.  As  the 
WO,  concentration  increases,  new  peaks  build  up  at  325,  320-860,  and  945 
cm  '.  The  peaks  associated  with  borate  structure  appear  little  changed,  al¬ 
though  there  is  a  possibility  the  770  cm~'  peak  has  shifted  to  a  slightly  higher 
energy. 

The  Raman  peaks  at  325,  320-860,  and  945  cm  '  for  low  WO,  concentration 
glasses  are  apparently  due  to  tungstate  species.  Comparison  of  these  peaks  to 
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Fig.  2.  JUsian  KMtennf  spwn  (or  N«jO'<BiO)})-xWO,  ;i»«— «  uiiiiy  the  514S  A  argon  ion 
laiar  lina;  *:  Glua  oadn  from  Na,W04  and  BjO^. 


the  spectrum  of  crystallixie  WO,  (fig.  3)  reveals  that  they  are  not  due  to 
octahMlral  WO3  but,  instead,  are  characteristic  of  tetrahedrally  coordinated 
tungsten  [7,8].  Gmtpahson  with  the  Raman  spectra  for  Lij^O*  and 

Na^WO^  powders  (fig.  6)  cieaiiy  confirms  the  presence  of  W07  is  the  glasses. 
Although  the  peaks  in  the  glasses  are  broader,  the  position  and  relative 
intensities  of  the  peaks  match  well  vith  the  coirespont^g  peaks  of  1^2^04 
and  Na2W04.  The  broadness  of  the  glass  peaks  can  be  attributed  to  the 
amorphous  arrangement  of  the  tungstates  in  the  glass  system. 

Raman  scattering  results  on  Li2^04  and  NajWOt  melts  have  been  reported 
which  corroborate  the  identification  of  amorphous  WO^  in  the  glasses  studied 
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,3.  Bud  edge  masuremuts  for  Lij0-(Bj0))j  xW05  glewn  (»)  x“0.  fb)  i  — 0.09,  (c) 
0J3.  (d)  X  •  0.38.  (e)  .x  •  1.0.  Sample  thirlmwi  •  1  mm. 


Shift  (cm*') 


Fi^6.  Ramu  spectra  for  .WjWO,  crystaUiae  poeidMi.  (a)  NajWO,,  (b)  U1WO4.  FtiU  cunre 
obtawid  from  tfaiia  laboratory;  rtiahed  curve  tbaoteiicai  spectrum  (ref.  [7]). 
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here  [8].  The  authors  found  peaks  similar  to  the  ones  reported  here  for  the 
sodium  and  lithium  tungstates.  Spectra  of  WOT  melts  showed  the  broad 
Raman  peaks  associated  with  amorphous  matenais  and  found  in  the  glasses 
studied  here. 

The  high  energy  938  cm”'  peak  for  a  melt  consisting  of  K^WO^  and 
Li^WO^  is  reponed  to  be  due  to  an  .A, ^  symmetric  stretchmg  mode  [8].  In  both 
the  WOT  melts  and  the  glasses  studied  here,  the  .A,j  mode  was  found  to  be 
polanzed,  while  the  other  tungstate  peaks  were  unpolarized. 

Several  literature  reports  also  suggest  the  presence  of  tetrahedral  WOT 
[9,10]  and  MoOT  [11]  in  glassy  systems.  Glasses  of  the  composition  Li;W04  • 
jcWO,  have  been  made  usmg  a  splat  cooling  techmque  and  the  structure 
identified  by  X-ray  diffraction.  Both  WOT  and  W,OT  were  found  in  these 
glasses  [9].  These  rapidly  quenched  glasses  form  thin  flakes  and  not  bulk 
glasses  of  the  present  work. 

For  both  the  lithium  and  sodium  glasses,  reported  in  this  work,  the  Raman 
peaks  due  to  WOT  remain  broad  and  increase  in  mtensity  as  the  concentration 
of  WO3  increases  up  to  about  x  » 0.8.  The  tungstate  peaks  for  the  sodium 
glasses  may  be  slightly  lower  in  energy  than  the  lithium  peaks:  however,  the 
broadness  of  the  peaks  makes  an  accurate  determination  of  such  a  shift 
difficult.  The  relative  positions  of  the  sodium  and  lithium  tungstate  peaks 
agree  with  Literature  findings  [8]. 

As  the  concentration  of  WO3  approaches  and  passes  .r  =  1.0.  the  Raman 
spectra  reveal  the  growth  of  new  bands  at  250  cm”’  and  in  the  region  from 
600-800  cm”'  for  both  the  lithium  and  sodium  glasses.  This  evidence  for  new 
structures  is  expected  as  the  WO3  concentration  becomes  greater  than  the 
concentration  of  alkali  oxide.  Bands  associated  with  WOT  become  narrower 
and  the  940cm  ” '  band  begins  to  lose  its  polarization.  This  indicates  the  glasses 
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Fig.  7.  Raman  spectrum  of  WO,  HjO  powder. 
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De-Correlation  Technique  for  Separation  of  Drude  Parameters 
from  Wavelength  Modulation  Spectroscopy  Data* ) 

By 

M.  Bubd,  R.  Steabus*),  and  E.  BBArasTEDf 

Separation  of  bound-  and  free-electron  eontributionsto  the  dielectric  function  is  necessary  for  an 
accurate  analysis  of  interband  transitions.  A  technique  for  doing  this  separation  ^bich  does  not 
require  low  energy  data  is  presented.  The  technique  makes  use  of  the  fact  that  the  functions  which 
describe  the  contributions  of  each  part  are  sufficiently  uncorrelated,  allowing  the  constmction  of 
a  correlation  function  which  uses  the  Drude  effective  mass  and  Drude  relaxation  time  as  adjustable 
parameters.  The  technique  is  shown  to  properly  separate  a  test  function  and  to  yield  reasonable 
results  from  experimental  data. 

Cne  analyse  rigonreuse  des  transitions  entre  bandes  necessite  one  separation  entre  les  contributions 
des  electrons  libres  et  cedes  des  electrons  Um.  Nous  presentons  ici  une  technique  pour  effectuer  vine 
telle  separation  qui  n'exige  pas  de  doimees  a  basse  energie.  La  technique  on  question  utilise  le  fait 
que  les  fonctions  decrivant  les  deux  types  de  contributions  sont  suffisemment  non  correlees.  Cela 
permet  de  constmire  une  fonction  de  correlation  en  faisant  de  la  masse  effective  de  Drude  et  du 
temps  de  relaxation  de  Drude  des  parametres  ajustables.  2Tous  montions  que  cette  technique  separe 
proprement  une  fonction  test  et  foumit  des  resultats  raisonnables  a  partir  de  donn^  experimen- 
tales. 


1.  Introdaetioa 

The  dielectric  function,  «(co),  contains  important  information  about  the  optical  proper¬ 
ties  of  solids.  It  is  defined  as  the  response  of  a  crystal  to  an  electromagnetic  field. 

D(co)  =  e(co)  E(a))  .  (1) 

The  dielectric  function  is  sensitive  to  the  electronic  band  structure  of  the  material, 
and  the  determination  of  the  dielectric  function  by  optical  spectroscopy  is  an  important 
tool  for  investigating  the  overall  band  structure. 

The  broad  bands  found  in  solid  state  spectroscopy  are  convolutions  of  a  number  of 
contributions  which  emerge  when  derivatives  of  the  reflectance  are  taken.  A  number 
of  modulation  techniques  are  available,  which  include  temperature  [1,  2],  electric 
field  [3,  4],  pressure  or  uniaxial  stress  [5,  6]  modulation.  Wavelength  modulation  is 
employed  in  these  studies  because  of  the  unambiguous  lineshapes  which  emerge 
[7  to  11].  Transitions  are  strongest  at  points  where  the  lower  and  upper  bands  are 
parallel,  i.e.,  at  frequencies  which  satisfy 

7Mk)  -  E,{k)]  =  0  ,  (2) 

where  E,  and  E,,  are  the  energies  of  the  upper  and  lower  bands,  respectively.  At  these 
critical  points  in  fc-spaco,  which  are  the  van  Hove  singularities  [12],  the  joint  density 
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one-halfofthe  rotation  tiine  of  the  mirror,  38.5  ms.  It  is  used 
to  which  sample  or  background,  is  being 

gatrei  at  any  pardcuiar  When  one-shot  B  ends  its  peri¬ 
od  it  starts  one-shot  C  One-shot  C  starts  one-shot  D  and  is 
ai<n  used  to  center  the  sample  and  background  pehods  in 
their  respective  time  windows.  This  sequence  then  provides 
the  delay  signal  for  timing  the  starts  of  the  gates.  One-shot  D 
sets  flip  flop  F,  which  controls  the  feedback  network  sam¬ 
pling  time,  that  is,  the  width  of  the  gates,  D  also  starts  one- 
shot  E.  The  starting  of  one-shot  £  sets  flip  flop  G,  which  is 
used  to  Stan  the  gate  time  of  the  output  dreuiis. 

When  the  from  flip  flop  F  is  to  signals  B 
and  B  inverse,  signals  K  and  L  ate  formed.  These  are  the 
actual  gating  signals  which  control  the  active  feedback  net¬ 
works.  The  signal  from  flip  flop  G,  when  added  to  B  and  B 
inverse,  forms  signals  I  and  J,  which  control  the  output 
switches.  Signal  M  controls  the  impedance  of  the  amplifier 
during  the  transition  of  the  chopper  between  sample  and 
background.  It  is  the  complement  of  F  from  the  same  flip 
flop. 

Ail  of  the  logic  was  implemented  in  CMOS,  using 
CD404TS  for  the  one  shots  aad  74C74*s  for  the  flip  flops. 
NAND  gates  are  74C00’s  and  inverters  are  74C04*s. 

The  output  signals  are  sent  to  a  PAB.  Model  124  A 
Lock-In  Amplifier  with  a  PAR  Model  116  Differential 
Preamplifier.  The  sample  and  background  signals  are  dif¬ 
ferentially  amplified,  with  the  124A  in  the  high  dynamic 
range  with  a  ^  of  1. 

The  dififerential  derivative  circuit  was  constructed  with 
conventional  point-to-pomt  wiring  in  a  double  NIM  mod¬ 
ule.  All  power  is  obtained  from  the  NIM  bin.  For  conve¬ 
nience  m  checking  and  calibrating  the  unit,  a  217-Hz  refer¬ 
ence  oscillator  was  constructed  in  the  same  module. 

IL  SYSTEJI  SENSmvmr 

The  chtical  test  of  the  system  is  its  ability  to  elimmate 
signals  which  are  due  to  sharp  structure  in  the  source.  Figure 
6  shows  the  structure  from  the  line  at  4 1 93  A  in  the  spectrum 
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Fig.  7.  CoopansoDofbalaaead  lb)  and  uabolancadfalscaiisoftheXe  lineal 
4383  A.  Note  the  scale  chaafe  benm  the  two  curves.  The  wavdengih 
scale  inniHida  to  apprasimaieiy  lOO  A  on  other  side  of  the  4383  A  line. 


ofa  150-WHanovia  Xenon  arc  lamp  which  is  the  source  for 
the  violet  and  ultraviolet  regions.  The  figure  shows  the  re¬ 
sults  for  both  the  modulated  signal  (a)  which  has  not  been 
processed  by  the  (hiferential  derivative  circuitry  and  also  the 
signal  (b)  when  this  spectra  line  has  been  balanced  by  the 
system.  Note  that  the  ha  lancing  by  the  system  reduces  the 
signal  by  three  oidem  of  magnitnde.  The  signal  level  of  the 
hniawrsirf  line  of  Hg.  6  represents  a  maximum  sensitivity  of 
AR/Rim  1.3  X  lO'^ltfauisthewomcaseresult  In  practice, 
sensitivnies  of  better  than  lO”*  and  down  to  10”’  are  rou- 
tineiy  obtained  in  regions  of  the  spectrum  without  sharp 
lines  in  the  source.  Figure  7  shows  the  structure  at  4383  A  in 
the  same  source  spectrum.  Here  the  improvement  is  much 
better  than  three  orders  of  magnitnde  with  the  best  AR  /R 
bemg9X  10”’. 
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Fig.  4.  Logic  circuit.  This  circuit  gener¬ 
ates  the  switching  signais  which  drive  the 
feedback  networks  of  Fig.  3. 


piier  tube  is  the  direct  input  to  the  inverting  terminal  of  a 
National  Semiconductor  LM308A  operational  ampliher^^ 
lOAl  in  Fig.  3).  This  op  amp  is  connected  in  the  current-to- 
voltage  configuration  and  has  three  switched  feedback  net¬ 
works.  Each  network  is  switched  into  the  circuit  during  a 
different  portion  of  the  rotation  penod  of  the  chopping  mir¬ 
ror.  These  networks  function  to  make  the  output  voltage  of 
the  op  amp  lOAl)  equal  to  a  reference  voltage,  which  is  the 
reference  level  of  Fig.  21b),  chosen  to  be  200  mV.  These  net¬ 
works  serve  to  replace  the  mechanical  servomotors  used  in 
the  original  design  of  a  wavelength-modulation  system.'*'* 

Each  feedback  network  consists  of  a  2N4360  field  effect 
transistor,  an  RCA  CD4066  CMOS  analog  switch,'*  and 
another  LM308A  op  amp  connected  as  an  integrator.  The 
CMOS  switches  are  maritad  SI  through  S3  in  Fig.  3.  The 
LM308A  integrator  uses  the  integrated  value  of  t^  differ¬ 
ence  between  the  output  of  OAl  and  the  reference  voltage  to 
control  the  souice-to-drain  resistance  of  the  2N4360  FET. 
This  brings  the  13-Hz  component  of  theoutputofOAl  equal 
to  the  reference  voltage.  The  output  of  the  LM308 A  integra¬ 
tor  is  coupled  to  the  gate  of  the  FET  with  a  30K  resistor  and 
a  ICX^F  capacitor  so  that  the  217-Hz  modulatioa  signal  will 
have  no  effect  on  the  source-to-drain  resistance  to  the  FET. 
An  integration  time  of  1  s  has  been  found  to  be  adequate  in 
this  system. 

The  output  circuit  for  each  signal  sample  and  back¬ 
ground,  is  a  OC406fi  CMOS  switch  I  marked  S6  and  S71  cou¬ 
pled  with  a  1-^F  capacitor  to  the  output  BNC  connector. 
The  \-fiF  capacitor  charges  to  the  nfaee  voltage  and  only 
the  217-Hz  modulation  component  of  the  signal  appears  at 
the  output  This  produces  the  output  signals  in  Fig.  21c). 

The  remainder  of  the  discussion  deals  with  the  switch¬ 
ing  signals  which  drive  the  feedback  networks.  These  signals 
synchronize  the  system  to  the  rotation  of  the  chopping  mir¬ 
ror  and  time  the  onsets  and  widths  of  the  gate  for  the  feed¬ 
back  circuits.  These  signals  are  timed  by  a  synchronization 
trigger,  derived  from  a  photodiode  located  on  the  routing 
mirror,  which  drives  a  set  of  one-shot  multivibrators  and  flip 
flops.  This  circuitry  is  shown  in  Fig.  4  and  the  timing  signal 


which  IS  produced  is  given  in  Fig.  5.  Figure  S  also  shows  the 
signals  fiom  Fg.  2  for  reference. 

The  synchronization  trigger  signal  is  squared  in  an 
LM399A  comparator  (Fg.  4)  with  positive  feedback  and 
buffered  with  a  CMOS  band  gate  stage  to  form  the  trigger 
signal  (A  in  Fgs.  4  and  5).  Trigger  signal  A  starts  one-shots  B 
and  C  which  are  CD404Ts.  One-shot  B  is  timed  to  run  for 


Fio.  ).  Timini  diasnm.  The  ntmnf  of  each  sfnal  la  Fip.  3  and  *  arc  given 
in  relauomhip  lo  each  other  Pim  of  Ftg.  2  are  reproduced  at  the  lower 
pent  of  thia  Agurc  for  reference. 
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nal  I  reflected  from  the  sample  is 

(8) 

where  it  is  the  reflectivity  and /q  is  the  signal  ioddent  on  the 
tarTTpia.  The  wavelength  derivative  of  Eq.  (8),  which  is  de¬ 
noted  by  piime,  is 

+  (9) 

The  second  term  in  Eq.  (9)  is  what  causes  the  difficnlty  in 
wavelength  modulation  experiments  with  respect  to  other 
modulation  techniques.  In  other  methods,  whm  only  sam¬ 
ple  is  modulated,  tl^  term  is  zero.  However,  when  the  wave¬ 
length  is  mndnlatwi,  this  term  ctmtains  the  derivative  of  the 
iwairiant  beam,  which  includes  wavelength-dependent  infor¬ 
mation  about  the  light  source,  optical  path,  atmospheric  ab¬ 
sorption,  and  detector  response.  iZ/o  is,  more  often  than  not, 
on  the  same  order  as  i!  'Iq  and,  as  is  the  case  ofa  light  source 
with  sharp  line  structure,  may  be  orders  of  magnitude  larger 
than  R '/«.  A  means  of  subtracting  this  contribution  to  the 
total  derivative  signal  is  essential  if  meaningfhl  wavelength 
moHniatinn  dau  ate  to  be  obtained. 

If  Eq.  (9)  is  divided  by  Eq.  (8)  and  the  terms  are  rear¬ 
ranged,  we  get 


£1 

R 


(10) 


ThisiatheqnanticywhichwewiahtoexiraetftQmtheexper- 
imeuL  We  choose  to  keep  the  signal  level  in  each  tem  equal, 
JO  that  the  subtracrion  may  be  easily  done  eieetronically. 
Rearranging  Eq.  (10),  we  now  have 


(U) 

R  I 

where  k  *  ///«.  A  qualitative  description  of  how  R  7R  is 
determined  will  be  given  first,  and  then  the  new  electronic 
system  will  be  described. 

The  double-beam  optical  system  is  shown  in  Fig.  l.The 
signal  from  a  Peridn-Elmer  99G  monochromator'^  is  mod¬ 
ulated  at  217  Hz  by  a  vibrating  mizTor.'^'*  The  signal  re¬ 
flected  ftom  the  sample  when  the  chopping  minor,  which 
rotates  at  13  Hz.  does  not  block  the  bem  will  be  called  the 
sample  channeL  The  signal  reflected  ftom  the  chopping  mir¬ 
ror  during  the  other  half  cycle  win  be  called  the  background 


y — L  — rr — cr 


--  0 

REF 

■  LEVEL 


-  0 


Fig.  2.  Wavdaifih-aiadulaiion  wavcfoniii:  IW  Chopper  cycle  of  (he  mr 
ngnal  fixn  the  ptaatoanilliplicr.  The  hisbs  level  is  the  bedcarouad  cbm. 
ael;  the  loeer  level  is  the  -"-p**  (b|  The  taw  si|aals  have  bees 

gated  sad  setvoed  to  a  ptcdeteniiiiad  refemicc  level.  Ic)  The  setvoed  sad 
ptad  dgnali  have  been  sapanuad  into  their  own  output  end  ac 

conplad  to  -**"«*»^  the  13-Hz  component. 

channel.  Figure  2  shows  how  we  would  like  to  process  the 
signaL  Figure  2(a)  is  the  raw  signal  ftom  the  photomultiplier 
tubeL  The  higher  level  is  /q  lower  level  is  1,  because 

the  aluminuffl  chopping  mirror  will  be  more  reflective  than 
the  sample.  In  Fig.  2(b)  we  have  gated  a  portion  of  each 
channel  and  amplified  it  to  a  reference  lev^  which  will  be 
kept  constant.  Thus  we  have  brought  the  signal  channel  to  a 
constant  level  which  is  our  new  level  for  I  and  also  made  /q 
equal  to  1.  The  constant  k  in  Eq.  1 1 1 )  now  represents  the  fact 
that  different  gains  are  needed  in  the  sample  and  background 
channels  to  bring  them  to  the  refercsice  level  The  217-Hz 
components  in  the  sample  and  reference  channels  are  now 
proporrionai  to  kf  0  and/ ’  and  are  shown  by  signals  B  and  A. 
respectively,  in  Fig.  2(c).  We  can  now  run  these  to  a  differen¬ 
tial  lock-in  amplifier,  and  the  difference  between  the  two 
signals  will  now  be  proportional  to  /'  —  k/g. 

This  new  electronic  dreuit  is  designed  to  maJee  the 
source  to  output  gain  at  the  13-Hz  chopping  ftequency  the 
same  for  both  the  sample  and  background  channels.  The 
differential  derivative  and  logical  circuits  are  shown  in  Figs. 
3  and  4,  respectively.  The  current  output  of  the  photomulti- 
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Electronic  circuits  have  been  developed  to  replace  the  mechanical  servos  and  lockrin  amplifiers 
customarily  used  in  a  wavelength-modulated  derivative  spectrometer.  The  result  is  a  faster 
response  and  wider  range  of  gain  while  maintaining  a  constant  photomultiplier-tube  voltage. 


PACS  numbers:  84.30. Wp,  06.70.Td 


INTRODUCTION 


The  identification  of  Van  Hove  Singularities'  in  optical  ab¬ 
sorption  or  reflection  spectra  can  be  difficult,  since  singulari¬ 
ties  are  usually  superimposed  on  a  broad  structureless  back¬ 
ground.  In  the  case  of  metals,  this  background  is  the  Drude 
intraband  spectrum,  and  interband  singularities  can  be  small 
compared  to  this  background.  This  problem  is  especially 
acute  in  the  case  of  three  dimensions  as  Van  Hove  singulari¬ 
ties  do  not  produce  infinite  peaks,  but  only  changes  in  the 
slope  of  the  optical  properties.  Broadening  mechanisms  re¬ 
duce  the  optical  structure  in  ail  cases. 

The  optical  structure  associated  with  critical  points  can 
be  greatly  enhanced  by  the  use  of  derivative,  or  modulation, 
spectroscopic  methods.  The  dielectric  function  near  a  three- 
dimeosioiiai  critical  point  may  be  written  aa'*^ 

—  4- constant,  (1) 

fiw  is  the  photon  energy  and  fib,  is  the  transition  energy  at 
the  critical  poinL  The  constant  in  Eq.  ( 1 )  represents  the  back¬ 
ground  contribution,  which  may  be  larger  than  the  singular 
part  Thus,  observation  of  the  critical  structure  may  be  lost 
in  the  background.  Therefore,  it  would  be  most  advana- 
geous  to  measure,  not  e  directly,  but  the  derivative  of  with 
respect  to  some  parameter  X.  Since  the  background  does  not 
vary  rapidly,  it  would  essentially  be  elnninated  from  the 
spectrum.  This  leads  to 


do 

dx 


d  («i  —  <»,) 


dx 


(2) 


The  first  term  in  Eq.  (2)  diverges  at  the  critical  point  <u  0, 
and  is,  tberefiore,  e^y  detectable  in  a  derivative  spectrunL 
The  second  tenn  in  Eq.  (2)  is  generally  negligible  near 
0  a- 0,  smce  fi  can  vary  slowly.  There  are  two  obvioua  possi¬ 
bilities  Ibr  the  dtifisentiation  x.  The  first  is  the 

energy  of  the  incident  radiation  and  the  second  is.  the 
critical  point  transition  energy  fiw,. 

Teehniqnes  which  modulate  the  energy  critical  point 
trinaitioo  avoid  experimental  compHcationa  which  will  be 
found,  in  frequency  (wavelength)  modulation  experiments, 
but  have  the  analytical  problem  of  ambiguous  interpretation 
ofline  shapes.  Possible  parameters  which  modulate  the  enep- 
gy  gap  include  hydromatie  preaante- and  stress,^-* 

electric  field,^'*  a^  temperature*-'"  modulariort  The  ambi- 
gutty  of  these  methods  can  be  seen  when  Eq.  (2)  is  reduced  to 


^«(0-«.)-'« 


(3) 


Detailed  analysis  of  the  lineshapes  of  Van  Hove  singu¬ 
larities  is  not  possible  unless  one  already  has  knowledge  of 
the  contribution  from  da^/dx.  Thus,  the  theory  of  internal 
modulation  experiments  depends  not  only  on  the  theory  of 
the  optical  properties,  but  also  on  the  effect  of  the  perturba¬ 
tion  parameter  x  on  those  optical  properties. 

When  a  frequency-modulated  light  beam"'**  is  used, 
Eq.  (2)  reduces  to 


de 

da 


-^(0-0,)-'*. 


w 


Thus,  there  are  no  theoretical  ambiguities  in  the  interpreta¬ 
tion  of  data.  Ifthe  dependence  of  the  frequency  of  the  modu¬ 
lated  beam  is 


0  s  0Q  4.  (^1  cos  Qt,  (5) 

where  ti0  is  the  depth  of  modulation  and  12  is  the  moduiap 
don  frequency,  then  we  have 

ese(0o)  4-4ecosl2r.  (6) 

If  de  is  measured,  the  derivative  of  the  dielectric  fimction 
may  be  found  from 


de 

do 


lim  ~ 


(7) 


However;  de  is  generally  not  measured  directly.  In¬ 
stead,  the  modulation  of  the  reflectivity  dR  or  the  transmis¬ 
sion  dTis  measured.  Great  accuracy  and  sensitivity  can  be 
achieved  in  the  measurement  ofdR  or  d7*by  means  of  phase 
sensitive  detection  with  a  lock-in  amplifier. 

A  double-beam,  single-detector  optical  system  with  its 
associated  electronics  for  obtaining  wavelength-modulated 
derivative  spectra  was  previously  reported.'*  This  system 
eliminated  problems  due  to  background  derivative  structure 
caused  by  source,  detectors,  optics,  and  atmospheric  absorp¬ 
tion.  We  now  report  electronic  circuitry  which  has  been  de¬ 
signed  to  replace  the  system  of  mechanical  servos  and  lock- 
in  amplifiers  which  is  normally  used.'*  This  new  system  has 
the  advantage  of  faster  response  times  and  wider  ranges  of 
gains  while  maintaining  a  constant  voltage  to  the  photomul¬ 
tiplier  tube 


I.  WAVELENGTH  MODULATION 

Wavelength-modulation  derivative  spectroscopy  has 
experimental  difilculties,  which  may  be  overcome,  com¬ 
pared  to  other  types  of  modulation  as  may  be  seen  in  the 
foUoenng. 

In  conventional  reflection  measurementa,  the  total  sig- 
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piest  polymeric  timgsute  present  is  WjOf . 

Luminescence  data  provide  evidence  for  WjO"  and  defect  WO3  octahedra 
being  present  even  at  low  WO3  concentrations.  The  photochromic  structures 
are  WO^ ,  WO3  •  HjO  and  possibly  defect  WO3. 

There  is  some  evidence  for  structural  changes  of  the  borate  groups  as  seen 
by  Raman  spectroscopy  and  trends  seen  in  the  density,  reference  index,  and 
elastic  properties. 

This  work  was  supported  by  the  U.S.  Army  Research  Ofrice  under  contract 
No.  DAAG29-S1>{C-0I64.  Valuable  discussions  with  B.  Bobbs  and  R.  Martin 
are  greatly  appreciated.  Thanks  are  due  to  the  Qiemistry  Department  of 
UCLA  for  the  use  of  the  Spex  Fluorolog  Spectrometer,  which  was  provided  by 
the  NSF  under  grant  no.  MPS7S-06I3S,  and  the  Raman  apparams  provided 
under  grant  no.  DMR  80*22620. 
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that  a  study  of  the  density  and  refractive  index  with  WO3  concentration  might 
provide  a  due  to  changes  in  the  borate  structure.  The  graphs  of  these  two 
properties  versus  composition  are  shown  in  Qg.  4.  The  density  data  show  what 
appears  to  be  a  slope  change  in  the  region  x  «  0  J  to  x  »  0.6.  The  index  of 
refraction  data,  however,  does  not  show  such  behavior.  The  dasdc  coeffraent 
versus  concentration  shows  a  peak  at  x  »  0.2  (fig.  4c).  Of  parhcuiar  interest  is 
the  discontinuity  between  pure  Li^O  •  (8203)2  and  when  a  small  concentration 
of  WO3  is  present.  Since  these  data  were  obtained  from  Brillouin  scattering, 
which  couples  to  acoustic  phonons,  they  therefore  sample  large  regions  of  the 
glass  matrix  as  opposed  to  Raman  scattering  data  which  examine  local 
molecular  bonds.  This  sudden  change  in  the  elastic  coefficients  with  added 
WO3  indicates  surprising  modifications  in  the  long  range  borate  structure  of 
the  More  work  needs  to  be  done,  but  there  appears  to  be  some 

evidence  for  changes  in  the  borate  structure  as  WO3  is  added  to  the  glasses. 

Tungstate  structures  identified  in  the  glasses  were  checked  for  photochromic 
properties  by  a  method  previously  described  [I].  Pure  crystalline  or  powder 
samples  of  these  species  were  immersed  in  trichloracetic  add  and  methanol 
soludons,  illuminated  with  UV  light  and  observed  for  color  changes.  Under 
these  conditions,  H2WO4  and  (iV/  «  Li.  Na)  were  found  to  be  photo* 

chromic,  llie  coloring  process  for  H2WO4  under  other  conditions  has  been 
studied  extensively  [21,221,  while  recent  work  has  also  observed  the  coloring  of 
^VfjWOt  [9].  Gystalline  Li2W0.2  found  to  be  only  slightly  photochromic 
under  our  experimental  conditions.  However,  recent  work  has  indicated  that 
amorphous  122^1^7  ^  electrochromic  [9]. 

The  photochromism  in  these  bulk  glasses  is  in  contrast  to  work  on  the 
structure  of  photochromic  WO3  Glms  [231.  ^  work  evidence  was  provided 
showing  that  coloring  occurs  in  amorphous  WO3  Glms,  due  primarily  to  the 
presence  of  water  and  structural  voids  which  allow  ion  movemenu  The 
structure  of  the  present  bulk  alkali  borate  tungstate  glasses  permits  ion 
diffusion  for  the  photochromic  process  without  the  porous  nature  of  thin  fflm-v 


A  series  of  alkali  borate  tungstate  which  exhibit  photochromism  has 

been  studied  by  Raman  and  luminescenca  spectroscopies  in  order  to  determine 
stmcturee  The  Raman  work  has  confirs^  the  amorphous  nature  of  the 
gissses  at  concentrations  of  WO3  less  than  x  -  1.0.  At  concentrations  above 
X  l.O  the  amorphous  nature  is  gradually  lost  resulting  in  a  ceramic  at  x  «  1.2 
and  X  *  U  for  the  lithium  and  sodium  respectively. 

The  Raman  spectra  show  that  at  low  concentrations  the  WO3  is  incorpo* 
rated  into  the  glau  as  tetrahedral  WOr.  As  the  concentration  of  WO3 
increases,  the  concentratioa  of  W07  also  increases;  however,  new  species 
become  apparent.  The  other  species  have  been  identified  as  WO3  ■  H2O  and 
pdymetic  tungstates.  Both  species  contain  octahedral  WO3  groups.  The  sim- 
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peaks  which  is  virtually  identical  to  the  glasses  and  1^2^04  (Hgs.  12,  13).  The 
enoission  peak  at  S3S  am  found  in  CdW04  was  attributed  to  WOj  imperfec¬ 
tions. 

Analysis  of  the  borate  structures  is  of  interest  in  the  light  of  the  Raman 
work  performed  on  alkali  borate  glasses  [4-6].  It  has  been  found  that  as  alkali 
oxide  is  added  to  B2O2  the  Raman  line  at  307  cm  ~ '  for  pure  borate  gradually 
weakens  while  a  peak  at  770  cm~ '  grows  until  at  16  mol%  alkali  the  807  cm~ ' 
has  totally  disappeared.  The  Raman  data  have  been  explained  in  terms  of  the 
added  alkali  introducing  non-bonding  oxygens.  This  procedures  a  tetraborate 
structure  which  contains  tetrahedraily  bonded  boron.  The  770  cm~ '  peak  has 
been  assigned  to  tetraborate  [4].  It  is  theorized  that  only  thgonally  bonded 
boron  is  contained  in  pure  B2O}  which  produces  the  807  cm~ '  peak. 

All  the  glasses  studied  here  contain  the  some  mol%  of  alkali  compared  to 
borate.  This  composition  contains  borate  as  tetraborate  as  shown  by  the  770 
cm~'  Raman  peak  (fig.  3).  The  addition  of  WO,,  however,  may  have  some 
effect  on  the  borate  structure. 

Since  WO]  is  incorporated  into  the  glass  as  W04~ ,  the  possibility  arises  that 
the  WO]  is  counteracting  the  effect  of  the  alkali  oxide  on  the  borate  structure 
by  removing  non-bonding  oxygen.  If  one  assumes  that  each  WO]  molectile 
complexes  with  an  alkali  oxide  and  effectively  keeps  that  alkali  oxide  from 
affecting  the  borate  structure,  then  one  can  calculate  a  theoretical  WO] 
concentration  at  which  there  would  be  a  16  mol%  alkali  oxide  concentration 
with  respect  to  the  borates.  At  and  above  the  calculated  concentration,  the 
Raman  should  show  a  shift  from  the  tetraborate  770  cm~'  peak  to  the 
tiiborate  807  cm~'  peak. 

Our  calculations  show  that  a  significant  shift  in  the  borate  Raman  structure 
should  occur  at  a  WO]  concentration  of  x  >  0.62.  The  Raman  dau  shown  in 
Sgs.  I  and  2  are  unfortunately  somewhat  ambiguous.  In  the  samples  in  which 
the  pertinent  borate  peak  is  still  resolved,  there  appear  to  be  only  minor  shifts 
in  the  peak.  At  WO]  concentrations  near  and  above  x  —  0.62,  the  Raman  peaks 
of  the  tungstates  tend  to  mask  the  borate  peaks.  However,  the  x  >  0.81  and 
X  «  1.0  lithium  glass  Raman  spectra  do  show  a  peak  at  797  cm*'  (fig.  1)  which 
could  be  due  to  a  tiiborate  structure.  In  addition,  one  sample  of  devitiified 
sodium  glass  of  composition  x  *  U  yielded  some  evidence  for  the  switch  in 
borate  structure.  A  strong  peak  at  800  cm~'  was  seen,  which  indicates  the 
presence  of  tiiborate  in  the  glass. 

If  the  borate  structure  is  transformed  by  the  addition  of  WO],  then  effects 
similar  to  the  "borate  anomaly'*  of  alkali  borate  glasses  may  be  seen.  The 
"borate  anomaly"  is  the  name  given  to  the  phenomenon  observed  in  alkali 
borate  glasses  which  shows  abrupt  changes  in  density,  refractive  index,  and 
other  properties  with  increasing  alkali  content  with  the  change  occurring  at  16 
mol%  alkali.  A  satisfying  explanation  for  the  effect  is  still  forthcoming,  but  the 
anomaly  seems  to  correlate  with  a  change  in  the  borate  structure  as  determined 
by  Raman  scattering. 

The  relevance  of  the  "borate  anomaly"  to  the  present  work  is  the  suggestion 
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Fi$.  13.  Room  temperature  amsaaiiipeem  of  ciynallineLi2W04  poexier.  Eadtation  wavelength  — 
(a)  2700  A.  (b)  2850  A. 


to  the  W07  spedes  should  have  only  one  broad  emission  centered  at  470  nm 
[19].  The  Raman  spectrum  of  the  unpuxified  1^2^04  powder  used  in  the 
emission  experiment  shows  many  peaks  other  than  those  due  to  normal  WOf 
vibrations  (dotted  line,  Gg.  6).  Tlte  extra  Raman  peaks  provide  evidence  for 
defect  tungstate  structures  of  polymehc  structure  probably  responsible  for  the 
550  am  luminescence.  The  99.999%  Na2W04  shows  only  the  WO*  Raman 
peaks  and  does  not  emit  at  550  nm.  The  possibility  of  impurities  not  related  to 
the  tungstates  the  luminescence  may  be  discounted.  The  crystalline 

WO3  and  LijO  •  (B20])2  used  in  making  the  glasses  do  not  luminescence  by 
themselves  in  the  region  between  400-600  nm.  This  indicates  luminescent 
impuiides  are  not  being  introduced  directly  by  the  glasses  constituents.  The 
formation  of  M0O4*  is  possible  if  MoOj  is  introduced  with  the  WO3;  however, 
MoOr  has  an  extremely  weak  emission  [19]  and  produced  no  discernible 
emission  when  Li2Mo04  powder  was  tested.  T^  most  compeHing  evidence  for 
eliminating  impurities  as  a  cause  of  the  emission  peaks  is  the  results  for  the 
Na20  •  (3203)2  ’  IWO3  glass.  This  glass  was  made  from  Na2B407  and  WO3 
and  from  Na2W04  and  B2O3;  yet  both  produced  the  same  emission  spectrum. 
This  strongly  indicates  that  impurities  are  not  the  cause  of  the  luminescence 
seen. 

Corroboration  for  assigning  the  550  nm  emission  to  a  WO3  defect  or 
polymeric  structure  comes  from  work  recently  reported  on  CdW04  lumines* 
cence  [20].  It  was  found  that  certain  samples  of  CdW04  produce  an  emission 
spectrum  with  twin  peaks.  The  two  emission  peaks  are  gmilar  in  relative  size 
mid  position  to  those  found  for  impure  Ii2W04  and  the  glasses  studied  here.  In 
addition,  the  CdW04  study  revealed  an  excitation  dependence  of  the  emitidrm 
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in  line  shape,  the  wavelength  of  the  emissions  (400-600  mn),  and  the  excitation 
wavelengths  [19]  ( <  300  am).  Since  most  pure  tungsten  oxide  compounds  have 
an  emission  consisting  of  one  broad  peak  [19],  the  presence  of  two  or  more 
different  emission  lines  in  the  glasses  indicates  the  presence  of  two  or  more 
ipedes  of  ttmgsutes. 

The  emission  of  Li2W04  has  been  reported  as  having  a  maximum  at  450  nm 
[19].  The  peak  at  470  am  in  the  lithium  glasses  can  be  assigned  to  that  species. 
Kroger's  [19]  inability  to  detect  any  emission  from  NajWO,  was  apparently 
due  to  less  sensitive  equipment  since  an  emission  spectrum  of  99.999%  Na2W04 
powder  (Gg.  11)  shows  an  emission  at  480  nm.  This  corresponds  to  an  emission 
peak  in  the  sodium  glasses. 

Na2W207  emit  in  the  region  between  500  and  530  am  as 
reported  in  the  literature  [19]  and  confirmed  in  the  present  work.  At  low 
concentrations  of  WO3,  the  lower  energy  emission  in  glasses  fails  within  this 
region.  The  520  nm  emission  remain.^  as  a  shoulder  even  at  high  WO3 
concentrations  and  can  be  assigned  to  the  W2O7  ion. 

The  other  species  of  tungstate  identified  by  Raman  spectrum  of  WO3  ■  H2O 
do  not  luminesce,  at  least  not  in  its  crystalline  form.  It  is  suggested,  therefore, 
that  the  550  am  emission  is  due  either  to  a  defect  octahedral  tungstate  species 
or  one  of  the  longer  polymeric  tungstates.  This  can  be  supported  by  several 
observations.  The  emission  of  unpurified  Li2W04  (fig.  1 1)  reveals  the  presence 
of  two  peaks  which  are  similar  in  size,  shape,  and  position  to  the  peaks  found 
for  the  high  WO3  concentration  glasses.  However,  the  expected  spectrum  due 
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Fig.  1 1.  Room  lenporuun  niritiBon  spoort  o/  pure  cnngsutes.  Fjtdterion  wtveiengiii «  2850  A. 
(a)  Na^W04  powder  (99.9999  pun),  (b)  UtW04  powder  (uopunfiedX  (c)  Ne^WjO^. 


WjO^  spectnizn.  Peaks  at  220  and  22S  csi~'  of  W^O*  fall  in  a  region  of  a 
peak  due  to  HjWO^.  However,  in  the  x  « 0.9  lithium  glass,  the  borate  peak 
appears  to  be  resolved  into  two  peaks  at  220  and  230  cm~ At  this  composi* 
don,  HjWO.  may  not  be  sufficiently  concentrated  to  mask  the  peaks. 

Other  polymeric  tungstates  are  also  possible,  but  absolute  ideadficadons 
have  not  bem  made.  The  peak  at  1000  cm*’  for  the  Li^O  •  (BjOj);  ■  1.2WO] 
ceramic  falls  in  a  region  indicadve  of  a  polymeric  tungsute  with  muldple 
WO,’$  [17,18].  However,  samples  of  NajWO.  with  various  concentradons  of 
WO,  added  produced  ceramics  which  showed  Raman  peaks  due  only  to  W07 
and  W,07  • 

Luminescence  dau  obtained  at  room  temperature  for  the  glasites  are  shown 
in  figs.  9  and  10.  Spectra  were  also  obtained  at  liquid  N,  temperatures.  The 
only  apparent  difference  between  the  spectra  taken  at  the  two  temperatures ’s 
more  intense  emissions  at  lower  temperature.  Tbe  trend  of  the  emission  sp.iw.... 
with  increasing  WO,  concentration  should  be  noted.  Two  emission  peaks  are 
seen  at  low  concentradons  of  WO,.  The  lower  energy  emission  peak  at  S2S  nm 
increases  in  intensity  relative  to  the  higher  energy  peak  at  470  nm  and  tends  to 
develop  an  asymmetry  on  the  lower  energy  side  of  the  peak. 

The  luminescence  of  the  glasses  is  characterisdc  of  tungsten  oxide  emission 
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Rg.  9.  Room  temperature  emueiott  spectra  of  Li,0*(B,0,)j-  xWO,  glasses.  Exdunon  wavelength 
-2850  A. 

by  Raman  very  difficaiL  However,  the  parts  of  the  spectrum  which  can  be 
analyzed  provide  evidence  for  the  presence  of  WjO^  •  The  two  peaks  in  the 
gig«  spectra  and  840  and  885  cm* '  correlate  well  with  the  peaks  present  in  the 


Rg.  10.  Room  tempatatnra  iiTriswnn  spectra  of  NayO-(BjOj)i  xWOj  glasses.  Exdtaiion  wave¬ 
length  —  2850  A. 


D.  Dtai  *t  oL  / 


FBEQ.  SHirr 


WAVELENGTH  (Al  — 

Fig.  3.  Rmua  ipectnim  ci  NaiW}07. 

are  begixmmg  to  devitzify  as  the  WO3  concentration  increases  above  x  «  l.O. 
The  samples  appear  glassy  (transparent)  until  x  <■  U  for  the  Li  glasses  and 
X  «  1.6  for  the  Na  glas.ses,  while  above  these  concentrations  opaque  ceramics 
are  formed. 

Because  the  glasses  were  made  under  atmospheric  conditions,  the  possibility 
of  water  being  involved  in  any  tungstate  structures  was  investigated.  Water  is 
known  to  coordinate  with  WO3  to  fonn  the  compounds  WO,  •  H2O  and 
WO,  •  IHjO  [12,13],  both  of  which  are  thought  to  contain  octahedral  WO,. 
The  spectrum  of  HjWOt  powder  (WO,  ■  H2O),  shown  in  fig.  7,  correlates  with 
the  new  peaks  seen  in  the  higher  concentration  glasses.  The  peaks  match  in 
broadness,  position,  and  relative  size  the  223  and  600-700  cm~  ‘  bands  found 
in  the  high  concentration  glasses.  The  930  cm~'  peak  in  H2WO4  would  be 
masked  by  the  WOT  A,,  peak  in  the  glasses. 

The  presence  of  H2WO4  does  not  etplain  all  the  peaks  found  in  the  glasses 
with  WO,  concentration  2  1.0.  At  these  concentrations  the  glasses  resemble 
the  Li2W04*xW0,  crystalline  systems  studied  by  a  number  of  investigators 
[9,14,13].  These  systems  have  been  fotmd  to  contain  polymeric  tungsutes  with 
the  general  formula  M2O  ■  xWO„  where  x  is  an  integer.  As  mentioned  previ* 
ously,  the  system  can  be  made  into  a  glass  with  the  proper  quenching 
procedure  [9].  The  most  common  of  the  polymeric  tungstates  is  WjOT  which 
consists  of  the  tetrahedral  WOT  group  with  an  octahedral  WO,  group. 

A  Raman  spectrum  of  pure  Na2W207  is  shown  in  fig.  8.  The  spectrum 
obtained  here  agrees  with  the  spectrum  published  recently  [16].  Most  of  the 
dominant  Raman  peaks  of  W,07  fall  in  the  regions  which  overlap  with  the 
peaks  of  WOT  aitd  H2WO4.  This  makes  the  identification  of  WjOf  exclusively 
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of  states  is  singular.  These  critical  points  dominate  the  interband  structure  of  the 
reflectiTity  spectrum.  With  the  proper  experimental  feedback,  band>to-band  energy 
differences  can  be  calculated  with  an  accuracy  of  0.1  eV.  Energy  band  calculations  are 
usually  adjusted  to  fit  the  results  of  optical  determinations  of  interband  transition 
energies. 

It  is  necessary  to  find  the  real  and  imaginary  parts  of  the  dielectric  function,  Si  and 
and  their  derlTatives  to  examine  the  interband  structure  of  the  material  under 
srudy.  However,  the  dielectric  function  may  not  be  directly  available  from  experimen¬ 
tal  measurements.  In  some  experiments,  the  reflectivity,  is  obtained  by  inte¬ 

grating  the  data  from  wavelengLli  modulation  spectroscopy;  the  real  and  imaginary 
parts  of  the  dielectric  function  are  subsequently  calculated  by  a  Kramers-Kronig 
analysis  [13].  When  the  material  being  studied  is  a  metal  or  metal  alloy,  however, 
another  step  is  needed.  The  dielectric  faction  is  the  sum  of  two  parts,  a  contribution 
due  to  interband  structure  and  a  contribution  due  to  intraband  transitions  of  the 
electrons  at  the  Peimi  level  in  the  partially  filled  conduction  bands.  In  order  to  sepa¬ 
rate  the  interband  and  intraband  transirions,  low-energy  data  are  required  which 
sometimes  are  not  readily  available. 

We  report  a  new  technique  for  separating  these  contributions.  For  continuity  of 
presentation.  Section  2  of  this  paper  will  review  the  classical  formalism  which  is  used 
to  describe  the  intraband  contribution.  Section  3  will  deal  with  the  interband  struc¬ 
ture,  and  Section  4  will  present  the  new  method  of  separation. 


3.  Classical  Bmde  Theory 

The  classical  Drude  theory  of  the  electronic  properties  of  solids  is  due  mainly  to 
Lorentz  [14]  and  Drude  [IS].  The  Lorentz  model  assumes  that  an  electron  bound  to 
the  nucleus  of  an  atom  may  be  dealt  with  in  much  the  same  way  as  a  small  mass  bound 
to  a  large  mass  by  a  spring.  A  classical  damped  oscilh*  r  model  yields  the  Lorentz 
dielectric  function 


4atNe^  1 

™  (cug  —  CO*)  —  iFcu 


where  Fisa,  viscous  damping  coefficient.  S'  the  electron  density,  and  Tmugr  is  a  Hooke's 
law  force.  The  Drude  model  for  metals  is  derived  from  the  Lorentz  model;  the  con¬ 
duction  electrons  in  a  metal  are  not  bound  to  a  nucleus  so  the  restoring  force  is  set 
equal  to  zero. 

When  co„  is  set  to  zero  in  (3)  and  real  and  imaginary  parts  are  taken,  we  have 
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(4  b) 


where  cu,  *  {4stS^lm)^i^  is  the  free  electron  plasma  frequency,  and  r  »  1//'  is  a 
relaxation  due  to  the  ordinary  scattering  responsible  for  electric^  resistivity. 

The  Drude  model  provides  a  good  fit  for  the  optical  properties  of  metals  at  energies 
below  those  of  any  interband  transition.  The  experiment^y  derived  dielectric  func¬ 
tion  may  be  fitted  to  eqtiatioru  (4a)  and  (4b)  where  m  is  now  replaced  by  an  effective 
mass,  m*,  a.jd  m*  and  r  are  used  as  adjustable  curve-fitting  parameters.  Once  this  is 
done,  the  Drude  dielectric  function  may  be  subtracted  from  the  total  dielectric  func¬ 
tion  throughout  the  spectum  to  yield  the  interband  contribution. 
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One  would  expect  that  at  energies  where  the  photon  energy  is  greater  than  the 
width  of  the  actual  bands  in  a  solid,  the  Drude  model  could  not  be  used.  However,  it 
should  be  remembered  that  the  Drude  model  is  simply  a  classical  approximation  and 
that  the  values  found  for  tn*  and  t  are  measures  of  the  fitness  of  that  approximation 
at  the  Fermi  level. 

3.  Interband  Transitions 

Points  in  fc-space  for  which  (2)  applies  are  van  Hove  singularities.  These  critical 
points  form  the  dominant  contribution  to  the  interband  part  of  the  dielectric  function. 
There  are  four  types  of  critical  points  which  are  labelled  as  M,  critical  points,  with 
■s  =  0,  1.  2,  3  for  the  number  of  negative  values  of  the  effective  masses  associated  with 
the  band  curvatures  at  these  points.  The  lineshapes  of  the  four  types  of  critical  points 
determined  by  the  joint  density  of  states,  ■  without  broadening  are  summarized 
in  Table  1. 

Table  1 
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The  effects  of  phonon  broadening  may  be  included  in  the  dielectric  fimction  by 
introducing  a  phenomenological  broadening  parameter,  rj.  A  dielectric  function  which 
includes  broadening  near  an  M,  critical  point  can  be  defined  by  [16,  17] 

s  —  1  ~  (co  -i-  -r  (cOj  —  co  —  4*  —  co  —  irj)^'*]  .  (5) 

When  derivative  spectroscopy  is  being  done,  the  derivatives  of  s  need  to  be  con¬ 
sidered.  If  the  broadening  parameter,  rj,  is  small  (co  <^coJ,  the  main  contribution 
to  the  derivative  of  (5)  is  due  to  the  (cOj  —  co  —  117)^/-  term.  This  term  is  singular  in  the 
limit  17  -*  0  while  the  other  terms  are  well  behaved.  Using  an  M,  critical  point  as  an 
example,  and  defining  a  reduced  frequency  W  =*  (co  —  cogj/rj,  we  obtained  [18. 19] 

^(co  4-  tq)"*  (cOg  —  CO  — 

77-1/2  [PP  -L  l]-l/2  [(IP  -l.  1)1/2  _  lf]l/2 

ri~yi  F{~W)  ,  (6a) 

^(co  4-  iq)"*  (coj  —  CO  — 

4- [(w*  4- 1)'«  4-  w\y^ 


(8b) 
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Sig.  1.  UniTenal  fnnction  deiived  by  Batz 
[18].  The  function  F(W)  ^  (W*  —  l)-i/2  x 
X  [(W*  •-  1)1/2  ^  Pr]i/2,  where  IT  is  a  nor¬ 
malized  frequency.  ti-^I^F{W)  becomes 
(a>  —  cuj)i/-  in  the  limit  —  0.  IT  » 

—  (<»  —  CUg)/7) 


The  uiuversal  function  F{  IT]  was  derived  by  Batz  [18]  and  is  illuatrated  in  Fig.  1.  It  is 
found  chat  the  derivative  spectra  around  other  types  of  critical  points  can  also  be 
espresaed  in  terms  of  this  function.  The  results  are  summarized  in  Table  2.  The 
function  F(TF)  goes  to  (to  —  in  the  limit  r;  —  0,  as  expected. 

Table  2 


Derivativea  of  critieal  points  with  broadening 
included  in  terms  of  F{  W) 


cziticai 

point 

2nl/S  ^ 
d<u 

dm 

It, 

F(-ir) 

F{W) 

11. 

-/(IF) 

F(-ir) 

IL 

-/(-tn 

-/(TT) 

n; 

F(W} 

-/(-IF) 

4.  Sepantioa  of  Bound*  and  Free*£leetron  Contributions 


When  experimental  data  exist  for  energies  leas  than  any  interband  transition,  the 
Drude  forms  in  (4a)  and  (4b)  may  be  fit  to  these  low-energy  data  in  order  to  determine 
and  r.  The  spectral  range  of  our  wavelength-modulated  spectrometer  is  1.5  to 
3.1  eV.  Since  many  metals  and  metal  alloys  have  significant  interband  structure  down 
to  the  lowest  energies  of  this  spectral  region,  the  above  method  cannot  be  used.  How¬ 
ever,  when  the  derivativea  of  (4a)  and  (4b)  are  compared  to  (6a)  and  (6b).  it  is  noted 
that  the  Drude  dielectric  function  and  the  interbaad  term  at  the  critical  points  are 
sufficiently  uncorrelated  to  justify  the  method  used  hero  to  separate  them. 

The  method  of  separation  is  the  use  of  m*  and  r  as  adjustable  parameters  in  writing 
a  trial  Drude  function,  subtract  the  Drude  function  from  the  total  dielectric  function 
obtaining  a  difference  function,  and  calculate  the  correlation  of  the  Drude  and  differ¬ 
ence  functions.  The  de-correlation  function  may  be  written  [20]  as 


C,(m*,T) 


(cov  [Hf,  Ai  —  H»])» 
r[B,]  V[Af  -  £f] 


(7  a) 


where 
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= -^  I  (-S.;  -  5,)- .  Cc) 

The  fxmction  .4  is  the  derivative  of  the  experimental  dielectric  function,  and  B  is  the 
derivative  of  the  trial  Drude  function.  The  sums  are  over  data  points.  .Y.  the  subscript 
/  =  1  or  2  for  the  real  or  imaginary  parts,  and  the  bars  indicate  averages  over  all 
points,  cov  (Bf,  Af  —  B,]  is  the  covariance  of  Bf  and  .4^  —  B,.  f^[Bf]  is  the  variance 
of  Bf. 

A  computer  program  has  been  written  which,  for  a  given  r.  finds  the  value  of  m* 
which  best  minimizes  (7a)  [19].  This  produces  two  curves  one  for  /  =  1  and 

another  for  ;  =  2.  Then  these  two  curves  are  plotted  together;  their  intersection  gives 
the  physical  values  of  m*  and  r.  These  are  the  correct  values  of  the  Drude  parameters 
since  they  are  the  ones  which  simultaneously  minimize  the  de-correlation  function  for 
both  the  real  and  imaginary  part.  In  each  de-correlation  function  alone  there  is  only 
one  independent  variable,  which  has  been  chosen  to  be  t.  When  r  is  fixed,  there  tvill 
always  be  some  value  of  m*  which  best  minimizes  Ci(m*.  z).  When  values  of  m*  and  r 
are  found  which  minimize  both  and  Cj,  we  have  confidence  that  we  have  found  the 
correct  physical  values.  Once  m*  and  r  are  determined  the  Drude  part  of  e  is  subtracted 
leaving  the  interband  part. 

To  teat  the  method,  a  trial  function  was  formed.  It  was  the  sum  of  Drude  and  inter¬ 
band  contributions  in  the  range  from  1.5  to  5.1  eV.  The  Drude  term  was  given  an 
effective  mass  of  1.4  electron  rest  masses  and  a  relaxation  time  of  1.2  x  10“‘*  s.  These 
values  are  within  the  normal  range  found  in  typical  metals.  The  interband  part  had  an 
M,  critical  point  at  2.3  eV  and  an  critical  point  at  4.0  eV.  The  two  parts  were  cal- 


Fig.  2.  Results  of  de-correiation  functions  for  the  test  functions  described  in  the  text.  A  function, 
is  generated  for  each  de-correiation  function,  Cf  and  C..  m*{r)  is  the  value  of  the  effective 
mass  which  beat  minimizes  Cj  or  C.  for  a  given  value  of  the  relaxation  time.  r.  One  curve  is  gene¬ 
rated  by  using  in  (7  a)  to  (7  o)  and  the  other  curve  is  from  ej.  The  point  where  the  curves  cross 
represents  the  correct  physical  value  of  w*  andr.  Teat  function:  m*lm  —  1.39,  r  —  1.19  x  10”“  s 

Fig.  3.  Dielectric  function  of  (3'-AuZn  which  was  used  to  test  the  de-correlation  technique,  a)  Real 
part,  b)  imaginary  part,  *j.  The  derivatives  of  these  were  used  to  find  the  Drude  parameters 
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Fig.  4  Fig.  5 

Fig.  4.  Remits  of  the  de-nomlntion  fimotioiu  for  6'-An^i.  Tlie  point  when  the  enrres  cross  is  at 
m*/ni  «  1.10  electron  mssses  and  r  »  2.76  x  10*^  s 

Fig.  3.  Interfasnd  contiilmtion  to  the  dieieetiie  fonction  of  ^'-AoZn.  The  Dmde  psnmeters  fonnd 
in  Fig.  4  wen  oasd  in  (4a)  and  (4b),  wfaioh  was  then  snbtiiaatea  hcom  the  experimental  dieleethe 
fonction  of  Fig.  3 


culnted  n-wng  (4a)  and  (4b)  and  Table  2.  Tbe  currea  for  the  solution  of  the  test  function 
are  shown  in  Fig.  2.  T^e  waluea  found  at  the  intersection  of  the  curves  were  tn*  a* 
w  1.39  electron  maaaes  and  r  w  1.19  x  lO"^*  s. 

Fig.  3  shows  ti  and  for  ^'‘AuZn  obtained  bv  integrating  wavelength  modulation 
data.  The  graph  of  the  correlation  minima  is  given  in  Fig.  4.  The  values  at  the  inter* 
section  of  the  curves  are  m"  «  1.10  electron  mssses  and  t  »  2.76  x  10~^  s.  The 
value  for  m*  is  slightly  lower  than  previoualy  reported  [21].  Fig.  5  shows  the  bound 
parts  of  ti  and  e,  (Hb  and  ea)  after  the  Drude  tersu  are  subtracted. 

This  separation  technique  has  two  shortcomings.  The  first  is  that  the  Drude  relaxa* 
tion  time  is  not  actually  a  constant  over  the  entire  spectrum.  The  value  obtained  is 
assumed  to  be  an  average  value  over  the  spectral  range.  However,  this  problem  also 
occurs  when  extrapolations  from  low*energy  data  are  used.  The  advantage  in  this 
calculation  is  that  here  the  values  are  from  the  visible-ultTaviolet  part  of  the  spectrum 
which  is  actually  under  study.  Secondly,  there  is  a  small  (u~*-contzibution  to  the  bound 
parts  of  the  dieieetiie  function.  However,  if  the  linewidths  of  the  interband  transitions 
are  small  compared  to  the  transition  energies,  these  terms  may  be  neglected  [18,  22]. 
Such  terms  may  cause  a  small  error  in  the  Drude  parameters,  but  will  not  cause  any 
change  in  the  general  lineshapes  of  the  interband  contributions  to  the  dielectric 
function,  which  are  the  important  resxilts  for  band  structure  determinations. 
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Infrarad  wavalangch  modulation  aaasurenents  at  300K  in  cha  spactral  range  O.S-1.4  av 
on  sasu- insulating  n  and  p-typa  Cr  doped  GaAs  have  revealed  extensive  fine  structure 
with  variations  in  absorption  coefficient  IK  t,  10"1-  -lO'^cai*^  out  of  a  relatively 
smoothly  varying  background  absorption  of  1-2  cm~^.  These  results  can  be  interpreted 
in  terms  of  transitions  from  (Cr^*  -  Cr^*)  to  the  valence  and  conduction  bands  and 
excited  states. 


1.  INTRODUCTION  -  EXPERIMENTAL  PROCEDURES 

Although  the  deep  levels  of  Cr  in  GaAs  have  been 
extensively  studied  by  lusunascanca ,  absorption, 
photoconductivity  and  junction  techniguasi,  there 
are  still  questions  concerning  the  possible 
energy  level  schamas  of  this  important  deep 
impurity.  In  general,  excited  states  are  not 
observed  by  the  above  techniques  and  absorption 
thresholds  are  .not  easily  observed.  Wa  have 
developed  an  infrared  wavelength  modulated 
spectrometer  that  is  capable  of  detecting 
changes  in  absorption  of  a  part  in  10^  out  of 
a  relatively  smoothly  varying  background  in 
the  spectral  range  O.OS-S.O  aV.  Consaquantiy , 
our  detection  limit  for  concentrations  of 
deep  levels  is  10^2_xol4/cm^  which  was  previously 
only  possible  by  OLTS  techniques.  It  has  been 
possible  to  observe  absorption  thresholds  and 
excited  states  in  highly  transparent  solids (1). 

In  the  present  work,  wo  report  the  results  of 
a  study  of  semi- insulating  GaAssCr  compensated 
with  n  and  p-type  impurities.  Structures 
have  been  resolved  in  previously  reported 
smoothly  varying  absorption  bands  which  we 
interpret  in  terms  of  the  level  of  Cr  at  various 
lattice  sites.  The  infrared  wavelength 
scdulation  system  used  in  our  work  has  bean 
previously  described  ( 1) . 

Z.  RESULTS 

Figures  1  and  2  show  the  integrated  derivative 
wavelength  data  of  semi- insulating  aaAs:Cr 
at  300K  with  varying  degrees  of  shallow  donor 
and  acceptor  compensations.  The  constants  of 
integration  ware  supplied  by  direct  absorption 
maasuremants.  Although  data  was  taken  in  the 
spectral  range  O.S-1.5  ev,  for  purposes  of  the 
present  discussion,  wa  shall  discuss  the  data 
for  cha  0.5-1. 2  eV  region  since  the  vast 
literature  on  aaAs:Cr  has  considered  this 
regime.  The  region  above  1.2  eV  shows  structures 
which  can  be  associated  with  transitions  from 
the  Cc^*  grotind  state  to  the  X  and  L  conduction 
bands  as  well  as  ELZ  structures.  The  scale  of 
cha  absorption  should  be  noted;  in  general  the 
bast  previous  absorption  data  have  a  precision 
of  6K  'v  0.1  ca~^  (2).  The  present  work  reveals 
structures  at  levels  of  K  <10" 2  ga-L  ^  samples 
of  Che  order  of  Imm  thick. 


The  samples  were  all  semi-insulating  and  con¬ 
tained  lo26/cm2  Cr  and  where  grown  by  horizon¬ 
tal  Sridgman  techniques.  The  samples  in 
Figure  1  were  highly  compensated  while  those  in 
Figure  2a  and  2b  were  slightly  more  p  and  n-type 
respectively.  Although  quantitative  measure¬ 
ments  of  shallow  donor  or  acceptor  compensation 
are  difficult  for  such  high  resistivity  samples , 
qualitative  differences  in  n  and  p-type  were 
measured  by  the  changes  in  the  characteristics 
of  the  space-charge  limited  I-v  curves  under 
illumination  and  in  the  dark. 

The  general  features  of  the  data  exhibit 
clusters  of  lines  in  the  0.5-0. 7,  0.3-0.95 
and  the  0.95-1.05  eV  regions  with  extensive 
fine  structure  in  every  region,  but  with  more 
pronounced  structures  in  the  0.3-0.93  eV 
range.  Previous  conventional  absorption 
measurements  have  shown  a  no-phonon  line  in 
Che  0.32  region  (2>  and  a  broad  continuum 
peaking  at  0.9  eV  for  n-cype  material.  In 
the  0 . 5-0 .72  sV  region ,  previous  absorption 
measurements  showed  no  fine  structures  but  a 
smoothly  varying  free  carrier  absorption.  A 
number  of  luminescence  bands  have  been  observed 
in  SaAsrCr  in  the  range  0.57-0.81  aV,  bet 
their  interpretation  has  been  difficult  (3) . 

The  relative  magnitudes  and  the  fine  details 
vary  from  sample  to  sample  as  seen  in  Figures  1 
and  2,  but  the  envelopes  of  the  dominant 
structures  tend  to  vary  in  a  systematic  fashion 
with  a  degree  of  compensation.  Samples  in 
Figure  1  show  essentially  the  same  features 
but  the  sample  in  Figure  lb  exhibits  finer 
structure  at  0.8-0. 9  eV  while  the  beuids  in 
the  0.5-0.72  eV  have  somewhat  the  same 
relative  intensities.  These  samples  were  from 
the  same  crystal,  but  different  parts  of  a 
single  wafer.  The  samples  in  Figure  2a  and  2b 
were  more  heavily  doped  p  and  n-cype  res¬ 
pectively  them  the  samples  in  Figure  1.  It 
should  be  noted  that  Che  relative  intensities 
of  Che  0.5-0.72  eV  bands  change  in  Figures  2a 
and  2b  with  the  0.67  band  enhanced  in  the 
n-cype  sample  while  the  0.58  aV  band  is 
enhancad  in  cha  p-type  seuspla  and  the  general 
level  of  absorption  has  increased  over  that 
of  Figure  1.  In  addition,  in  the  p-cype 
sample,  the  cluster  of  lines  between  0.8  eV 
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WAVENUMSCR.  em'* 
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Flgux*  1:  a)  and  b)  Saai- insulating  GaAa:Cr 

and  0.8  sV  havs  supprassad  wtilla  etas  fins  scxuceura 
is  aainealnad  in  etas  n-CTps  taopls. 


3 .  OISCOSSZCH 

ttaa  axplanaeion  of  scom  of  etas  varisd  struceursa 
and  etasir  variation  vitta  etas  dsgrss  of  fras 
carriax  aoBoansaelen  can  ba  asplainsd  in  eaiaa 
of  exanaielona  bstwsan  -  Cr4'*1  reatsa 

in  a  eatxagonal  anvironmant  and  etas  conduction 
and  valanca  bands  and  axeitad  statas.  Flgura  3 
ttaows  a  laval  sctaaos  of  a  ^0  stats  of  Cr^'^ 
placad  vittain  etas  anargy  gap  of  GaAs  (4) ,  wo 
staall  saa  etaae  etas  axplanaeion  of  etaa  bands  in 
etaa  O.S-0.73  aV  ragion  cannot  ba  axplainad  by 
enia  lavol  setaaM  but  is  conaiacant  witta  Cr^'^ 
baing  in  a  C3,  synmLxy  sits. 


WAVENUMilR.  cm'' 

4.500  SOlOO  80100  7.000  80100  90100 


EMmrr.cv 

rigura  2.  a)  p>cypa.  bl  n-eypa  SaAs:Cr 

Ttaa  data  in  etaa  0.8-1.05  aV  ragion  staows  ewo 
asin  etarastaolds  rougtaly  around  0.3  aV  and  etaa 
ottaar  around  0.93  aV  witta  fins  seructura  in 
aaeta  band  with  etaa  0.3  aV  etarastaold  antaanead 
in  etaa  aors  n-eypa  saaplas.  Ha  can  aetxibuta 
etaa  0.8  aV  eransition  froai  etaa  Cr^'*'  ground 
scaca  to  a  rasonane  seats  in  etaa  conduction 
band:  ^82(^2^"  3i  in  Fioura  1 

(4).  Ttaa  sacond  etarastaold  can  ba  aacritaad 
eo  etaa  eransition  from  etaa  valanca  banc  eo 
etaa  Cr^*  Isval  Cr^*  (ST2)  14)  ,  i.a.  P2 
P3.  Ttaa  ^2  staea  can  bo  split  by  a  egtragonal 
Jatan-Tallar  distortion  into  a  ^82  and  ^  laval. 
Tbs  ground  stata  can  ba  furttaar  spile  by  spin- 
ortaie  coupling,  howovar  etaasa  ara  not  staown 
bacauaa  of  etaa  seala  of  etaa  rasoluelon  of 
our  axparinants.  Ttaa  struceura  saan  in  etaa 
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0.33  -  1.05  aV  region  can  be  assooiacad  with  valance 
band  to  Cc^* ,  ?2  ^3'  transitions.  Various 

astimatas  have  been  made  of  the  magnitude  of 
the  Jahn-Tailer  distortion  for  and  these 
have  varied  from  175  cai“^  to  700  cm'^  (2)  .  If 
we  taice  the  peak  at  0.95  eV  and  the  shoulder 
at  1.04  eV  as  due  to. the  transitions  from  the 
valence  band  to  and  ’E(^T2).  P3. 

respectively  the  Jahn-Tellar  distortion  Ej^  -v. 

200  cm"!-.  The  transition  ’Bj-^E  has  .tot  bean 
seen  in  absorption  in  GaAs:Cr  despite  extensive 
studies  which  merely  reveal  free  carrier 
absorption  in  this  region. 


Figure  3.  Energy  levels  of  (Cr^*-Cr^*)  ions  in 

OaAs. 

Although  all  our  absorption  measurements  show 
extensive  structure  in  the  0.3-0.93  eV  -  more 
so  in  n-type  samples,  most  previous  measure¬ 
ments  show  a  broad  peak  around  0.9  eV.  Recently 

(2)  an  absorption  band  at  0.92  aV  and  a  no¬ 
phonon  line  have  been  resolved  and  have  been 
interpreted  as  the  interval  transition  ^82(^72)- 
^Aj^(5e)  of  Cr^*.  It  is  of  interest  to  note  that 
the  fine  structure  around  0.3  aV  in  Figure  1 
maybe  due  to  these  no-phanon  lines,  although 
our  measurements  were  performed  at  300K  while 
the  above  work  was  at  4X.  luminascanca 
experiments  have  shown  a  land  at  0.31  aV  and 

a  no-phonon  line  at  0.339  aV  (5).  These  lines 
have  coBDonly  been  considered  to  bo  an  internal 
^B-^T2  transition  of  Cr^*,  however,  it  has  been 
argued  that  the  ground  splitting  of  the  0.33  - 
eV  line  is  inconsistent  with  E.S.R.  measurements 

(3) . 


The  luminescence  bands  in  GaAs:Cr  at  0.57,  0.61, 
0.64,  0.63  eV  have  been  difficult  to  interpret; 
it  has  been  suggested  that  the  0.57  and  aV 

bands  are  due  to  the  transition  from  t  Cr‘ 
to  the  valence  band  and  from  t.he  conduction 
band  to  a  Cr^*  (6).  The  0.62  eV  band  is 
always  present  in  n-type  .material  while  in 
semi-insulating  or  p-type  GaAs:Cr  t.he  0.57  eV 
is  more  intense,  while  accompanied  by  the 
O.^^aV  band  and  thus  can  be  attributed  to  t.he 
Cr'’  state.  Arg\nnents  have  recently  been 
advanced  that  dispute  that  the  0.339  eV  and 
the  no-phonon  line  as  being  related  to  a 
single  Cr  acceptor  center  in  a  tetragonal  Ga 
site  (3).  It  has  been  proposed  that  the 
0.339  eV  band  and  the  0.574/0.535  eV  lines 
are  due  to  Cr  at  a  C3^  symmetry  site  induced 
by  coupling  of  a  chromium  atom  at  an  inter¬ 
stitial  or  on  a  Ga  sits  to  a  first  neighbor 
impurity  (3) .  For  a  trigonal  field,  ':3v> 
this  work  shows  that  there  is  a  reordering  of 
the  Cr  levels  different  from  the  tetragonal  site 
shown  in  Figure  3.  For  intersitial  chromium 
at  a  trigonal  C3V  site  coupled  to  an  acceptgr, 
the  ordering  of  the  orbital  levels  are  ^E,  ^A, 
and  ^E  from  lower  to  upper.  Mhils  for  a  sub¬ 


stitutional  chromium  at  C3^  symmetry  site  coupled 
to  a  donor  the  ordering  from  lower  to  upper  is 
5e,  ^Aj,  ®E.  The  0.574  eV  and  its  associated 
emission  are  interpreted  as  transitions  from 


Che  ground  stats  to  the  valence  band. 


It  is  strongly  suggestive  that  the  absorption 
beutds  observed  in  the  present  work  are  related 
CO  the  luminescence  bands  in  this  spectral 
region.  It  should  be  noted  chat  for  the 
samples  in  Figures  2a  and  2b,  which  have  a 
slightly  higher  doping, the  level  of  absorption 
is  greater  for  these  bands  than  in  the  more 
compensated  samples  of  Figures  la  and  lb.  In 
Che  p-cype  sample  of  Figure  2a,  the  0.535  eV 
line  is  enhanced  over  the  0.641  eV  line,  while 
for  the  n-type  sample  the  0.671  eV  line  is 
enhanced  over  the  0.59,  0.62  and  0.64  aV  lines. 
Thus  it  seems  chat  these  absorption  bands  can 
be  the  complements  of  the  luminssonce  bands. 

The  complexity  of  this  structure  is  evident 
and  if  they  are  due  to  03^  trigonal  symmetry 
due  to  coupling  with  Cr  to  donor  or  acceptor 
complexes ,  the  subtle  changes  are  due  to 
degree  of  compensacion  and  consequent  position 
of  the  Fermi  level  in  these  four  semi- 
insulating  samples.  The  level  of  absorption 
in  the  0.5  -  0.72  eV  and  0.35  -  1.05  aV  regions 
would  indicate  that  about  a  comparable  numb, 
of  Cr  atoms  are  at  tetragonal  and  trigonal 
sices. 
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Infrared  wavelength  modulation  spectroscopy  of  some 
optical  materials 


Ryu  K.  Kim  and  Rubin  Braunstein 


Infrared  wavelength  modulation  techniques  were  developed  and  used  to  investigate  the  low-level  absorption 
of  some  optical  materials  such  as  alkali  halides  and  alkaline  earth  fluorides.  The  results  reveal  rich  absorp¬ 
tion  structures  which  enable  an  identification  of  some  of  the  surface  and  bulk  impurities  of  these  materials. 
Those  impurities  are  principal  sources  of  optical  absorption  which  limit  the  expected  transparency  of  these 
materials  in  the  spectral  region  studied  (2.S~12  Mm). 


I.  Introduction 

The  development  of  high- power  laser  sources  has 
generated  considerable  interest  in  the  study  of  very 
weak  absorption  processes  difficult  to  detect  by  con¬ 
ventional  spectroscopic  methods  because  of  the  need 
for  low  absorption  IsMr  components.  In  recent  years, 
extensive  theoretical  and  experimental  investigationa 
have  been  conducted  in  an  effort  to  determine  ^e  fre¬ 
quency  and  temperature  dependence  of  the  absorption 
coefficient  of  a  number  of  alkali  halides  and  alkaline 
earth  fluorides  to  identify  the  principal  mechanisms 
responsible  for  intrinsic  and  extrinsic  absorption  pro¬ 
cesses.  The  very  low  values  expected  of  the  absorption 
coefficient  characteristic  of  multiphonon  infrared  ab¬ 
sorption  have  spurred  the  development  of  various  spe¬ 
cialized  measurement  techniques  and/or  refinements 
of  existing  ones.^ 

The  majority  of  the  investigations  have  focused  on 
ionic  solids,  especially  alkali  h^de  crystals,  llie  latter 
are  attractive  for  theoreticai  analysis  because  of  their 
relative  simplicity  and  the  wealth  of  knowledge  already 
available  about  many  of  their  fundamental  properties. 
Experimentally,  alkali  halides  again  represent  relatively 
well- investigated  materials  in  terms  of  fundamental 
properties  as  well  as  growth,  preparation,  and  purifi¬ 
cation. 

Deutsch^  showed  that  the  exponential  dependence 
of  abeorption  coefficient  K(u}- (or  multiphonon  pro¬ 
cesses  follows  the  empirical  law 
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fCM  ■  Ao  8xp(— Acii),  (1) 

where  Ao  and  A  are  material  dependent  parameters  for 
a  wide  dass  of  materials  which  includes  allcali  halides, 
alkaline  earth  fluorides,  oxides,  and  semiconductors. 
Sparks  and  Sham^  developed  a  theory  for  the  expo¬ 
nential  dependence  of Duthler^  estimated  the 
absorption  coefficients  for  some  alkali  halides  in  the 
regions  of  interest,  particularly  at  the  wavelength  of  the 
COj  laser  line  (10.6  ^m),  by  assuming  a  Lorentzian  line 
shape  of  impurities  peak^  at  the  appropriate  wave¬ 
lengths.  The  extrapolation  of  exponential  dependence 
of  ^e  absorption  coefficient  to  the  spectral  region  of 
interest  as  laser  window  materials  in  the  2.5-12-iixm 
region  predicts  the  absorption  coefficient  to  be  as  low 
as  ~10“^  cm~S  but  in  practice  the  absorption  coeffi¬ 
cients  are  always  higher  than  the  predicted  values, 
sometimes  by  2  orders  of  magnitude  and  varying  from 
sample  to  sample,  indicating  the  presence  of  extrinsic 
absorption  due  to  impurities. 

To  improve  the  ability  to  measure  the  very  small 
values  of  the  absorption  coefficient  in  very  high-purity 
materials,  a  laser  calorimeter  has  been  employed.^  In 
this  method,  an  incident  laser  beam  is  pas^  through 
the  sample,  and  the  temperature  rise  produced  by  ab¬ 
sorption  of  the  radiation  is  measured.  By  this  method, 
values  of  K(u)  in  the  range  of  10”'*  or  10”*  cm”^  have 
been  measured.*  The  major  disadvantage  of  the  laser 
calorimetry  approach  is  that  one  can  measure  K(u)  only 
at  those  discrete  frequencies  at  which  laser  radiation  is 
available.  To  identify  the  mechanisms  which  limit  the 
ultimate  transparency  of  solids,  knowledge  of  variations 
of  the  absorption  coefficient  as  a  function  of  fiequendes 
and  temperature  at  very  low  level  is  required. 

We  have  developed  an  infrared  wavelength  modula¬ 
tion  technique  which  has  a  sensitivity  as  low  as  '^lO”* 
cm~^  in  the  spectral  region  between  2.5  and  12  /an  and 
have  studied  intrinsic  and  extrinsic  absorption  pro¬ 
cesses  in  alkali  halides  and  alkaline  earth  fluorides. 
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IL  Exp«r<nMiitai  System 

A.  Experimentai  Background 

Derivative  optical  spectroscopy  as  a  powerful  tech¬ 
nique  for  enhancing  weak  structure  immersed  in  a  rel¬ 
atively  smooth  background  spectrum  is  well  known. 
Several  different  modulation  schemes  were  introduced 
in  optical  derivative  spectroscopy. '  In  most  cases,  the 
optical  spectrum  of  the  sample  is  modulated  by  an  ex¬ 
ternal  ac  perturbation  such  as  electric  field,^  pressure,^ 
temperature,^^  and  light  intensity^^  on  the  sample.  The 
modulation  spectrum  so  obtained  depends  intimately 
on  how  the  property  of  the  sample  is  affected  by  the 
external  perturbation,  and  such  knowledge  is  often 
limited. 

As  opposed  to  other  modulation  schemes,  wavelength 
modulation  allows  one  to  obtain  a  derivative  spectrum 
by  modulating  the  wavelength  of  light  incident  upon  a 
sample  without  any  exter^  ac  perturbation  to  the 
sample.  The  main  difficulty  of  the  wavelength  modu¬ 
lation  scheme  is  the  elimination  of  the  back^und  de¬ 
rivative  spectra  due  to  light  source,  detector,  optics,  and 
atmosphwc  absorption.  To  normalize  the  background, 
various  servo  systems  have  been  employed,'^*^^^  but 
these  are  difficult  to  employ  with  photoconducdve  de¬ 
tectors  with  varying  duk  current.  We  developed  a 
wavelength  modulation  system  which  eliminates  the 
background  problem  numerically. 

Almost  always  the  wavelength  modtilation  technique 
has  been  applied  in  the  ultraviolet  and  visible  spectral 
regions.  We  have  extended  the  spectral  range  of 
the  wavelength  modulation  technique  into  the  infrared: 
for  absorption  measurements  in  the  spectral  region  of 
this  study,  2-L2  Min.  the  system  has  a  sensitivity  of  AI/I 

10~^,  where  A/  is  the  fluctuation  of  signal  in  the  de¬ 
rivative  channeL 

B.  Theory  of  Wavelength  Modulation 

In  a  conventional  transmission  measurement,  the 
total  signal  5  transmitted  by  the  sample  is 

S(X)  -  T(X)/o(X),  (2) 

where  T  is  the  sample  transmission,  and  lo  is  the 
background  signal,  which  consists  of  the  incident  light 
source,  optics,  atmospheric  absorption,  and  detector 
response. 

When  the  wavelength  is  swept  sinusoidally  across  the 
exit  slit  of  the  monochromator  at  a  frequency  0,  that 
is. 


X(t)-Xo-t>hXciM<ai),  (3) 

where  Xo  is  a  fixed  wavelength  around  which  the  si¬ 
nusoidal  sweeping  of  the  wavelength  is  performed,  and 
AA  is  the  amplitude  of  the  sweep,  the  output  of  the 
monochromator  becomes  a  function  of  time,  that  is, 

5(X«m) -riXo-»-MXoM(Qt)|/o{Xi)-*-MXca*(Qi)j.  (4) 

Expansion  of  Eq.  (4)  in  a  Taylor  series  in  powers  of  AA 
cos(Qf)  and  using  the  trigonometric  identities  and 
collecting  terms,  we  can  show  that,  for  small  AA,  re¬ 
taining  the  terms  up  to  linear  in  AA, 


SlXmr) -S‘‘'(Xo) +  S»'(XoJco»(Qri,  (5) 

where 

S'^(Xo)  -  To(Xo)/o<Xo).  (6) 

S“KXoj  -  MX(r7o  + r/'o).  n) 

Standard  lock-in  ampliflers  measure  the  ac  compo¬ 
nent  of  the  signal  at  the  reference  frequency.  There¬ 
fore,  what  is  measured  at  the  reference  frequency  of  a 
lock-in  amplifier,  which  is  Q  in  our  case,  is  the  ac  com¬ 
ponent  of  S(Xo,  r )  at  Q.  Here  we  note  that  contains 
terms  of  the  form  T'lo  and  TI'o,  that  is,  a  term  which  is 
proportional  to  the  first  derivative  of  background  as 
shown  in  Eq.  (7). 

In  practice,  the  elimination  of  the  derivative  signal 
of  the  background  is  a  crucial  problem  in  wavelength 
modulation.  This  problem  wiU  be  discussed  in  Sec. 
ILC.  As  expected,  the  derivative  signal  is  proportional 
to  the  depth  of  modulation  AA.  The  correction  terms 
can  be  minimized  by  using  the  smallest  possible  AA.  A 
convenient  test  for  the  di^rtion  of  the  first  derivative 
due  to  the  correction  terms  is  to  measure  the  change  in 
the  magnitude  of  the  signal  as  a  function  of  AA  if  a  linear 
relationship  is  desired.  For  further  discussion  of  the 
theory,  we  refer  the  reader  to  the  literatures^  and  ref¬ 
erences  therein. 


C.  General  Considerations 

In  a  transmission  measurement,  the  signal  I{\) 
transmitted  through  the  sample  is  given  by 

/(X)  -  /o(X)  exp(-K(X)(il,  (8) 


where  /o(X)  is  the  background  signal  which  consists  of 
the  incident  light  source,  optics,  atmospheric  absorp¬ 
tion.  and  detector  response.  K (X)  and  d  are  absorption 
coefficients  as  a  function  of  wavelength  and  sample 
thiclmess,  respectively. 

The  differentiation  of  Eq.  (8)  with  respect  to  the 
wavelength  gives,  after  a  little  rearrangement  of 
terms. 


dK(\)  _  1  1  dlpiX) 
dX  d  /o  ^X 
or,  in  terms  of  energy, 


1  (i/(X)| 
liX)  dX  ' 


1  dIoiE)  1  dliE) 
dE^dhoiE)  dE  "  HE)  dE 


(9) 


(10) 


As  indicated  in  the  theory  of  wavelength  modulation, 
the  measured  quantity  by  a  lock-in  amplifier  for  the 
derivative  signal  at  the  preset  reference  fluency  is  of 
the  form  aicLI/dE),  where  a  is  a  constant.  But  as  shown 
in  Eq.  (7),  the  derivative  signal  contains  the  derivative 
of  the  background  as  well  as  the  derivative  of  the 
transmitted  intensity.  To  eliminate  the  derivative  of 
the  background,  we  use  the  sample- in  and  sampie-out 
technique,  which  is  described  in  a  later  section. 

With  the  sample-in  setting,  the  derivative  signal  is. 
from  Eq.  (7),  for  small  AA 


or 


Sr  a  AX(r;o  +  T7i).  (11) 


I 


(12) 
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With  the  sample-out  setting,  the  derivative  signal  of  the 
background  is 

SP  a  AA/o  (13) 


or 

(14) 

lo  fo 

The  subscripts  s  and  b  of  S“  refer  to  the  sample  and 
background,  respectively. 

The  difference  of  S“//  and  Sf/Io  will  give  the  de¬ 
rivative  of  the  transmitted  intensity  solely  by  the  sam¬ 
ple  in  principle.  But  in  practice  we  encounter  some 
difficulties;  defocusing  of  the  light  beam  at  sample- in 
setting  by  the  sample,  for  example.  This  defocusing 
effect  by  the  sample,  in  conjunction  with  the  nonuni¬ 
formity  of  the  active  area  of  the  photodetector  surface, 
obscures  the  zero  crossing  of  the  derivative  signal 

We  overcome  this  difficulty  by  a  number  method. 
That  is.  with  the  meastired  quantities  with  sample- in 
and  sample-out  settings,  we  form  the  expression 


ME)  ■  a 


1  dIoiE) 
loiE)  dE 


.  I  mE) 
^!(E)  dE 


(15) 


where  a  and  i3  are  multiplicative  constants  independent 
of  energy.  Here  we  note  that  the  &at  term  in  Eq.  (15) 
is  solely  due  to  the  background,  while  the  second  term 
is  due  to  the  sample  m  addition  to  the  background. 

To  convert  Eq.  ( 15)  into  the  form  of  Eq.  ( 10),  we  write 
Eq.  (15)  as 


MzJ!) 


1  dlo(E) 
h(E)  dE 


d  1  dI(E)' 
a  ^  HE)  dE 


(16) 


and  determine  the  ratio  of  proportionality  constants  y 
*  a/d  in  such  a  way  that  d>(xj!)  and 


1  d/oiE) 

Iq{E)  dE 

ait  not  correlated  for  7  *  x.  For  this  partictilar  value 

of  7. 

ME)^ad^-  (17) 

dE 

This  procedure  is  performed  by  a  computer  using  a 
decorrelation  algorithm.^^  Consider  quantities  a,-,  6,-, 
and 


Ci-ai  +  76(.  (18) 

Here,  a,-  is  a  quantity  due  to  sample  alone,  hi  is  a 
quantity  due  to  background  alone,  and  c,-  is  a  quantity 
due  to  sample  and  background  together.  If  we  relate 
these  quantities  to  our  study,  h,-  and  c,-  are  measured 
quantities,  that  is,  signal  with  sample-out  setting  and 
signal  with  sample-in  setting,  respectively.  And  Cj  is 
the  quantity  to  be  obtained  by  the  decorrelation  pro¬ 
cedure.  We  set 


di -C[  -  t6(  -  a(  +  (7  -  c)6j.  (19) 

Now,  we  search  for  t,  which  minimizes  the  correlation 
function 


f 


a 


2.((d.-7)(6i-gH»li/« 
(di  -  3)»2,(6i  -  W 


(20) 


POP  il 
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Fi;.  1.  Block  diagram  or  the  infrared  wavelength  modulated 
system. 


when  7  *  t,  d,  =  a,.  Here,  di  =  a,-  independent  of  5;  is 
assumed.  If  desired,  Eq.  (17)  can  be  integrated  nu¬ 
merically.  In  this  study,  the  trapezoidal  integration  of 
Eq.  (17)  was  performed. 

0.  Implementation  and  Operation  of  the  System 
1.  Construction 

The  block  diagram  of  the  system  is  shown  in  Fig.  1. 
We  have  converted  a  Perkin-Elmer  301  spectropho¬ 
tometer  into  a  single  beam  system  for  improved  SNR 
by  using  a  sample-in  and  sample-out  scheme.  The 
sample-in  and  sample-out  mechanism  was  accom¬ 
plished  with  a  linear  translator  assembly  unit  driven  by 
a  stepping  motor.  The  wave-number  drive  was  also 
performed  by  a  stepping  motor  at  preset  intervals  to 
scan  the  spectral  regions  of  interest.  Both  stepping 
motors  are  driven  by  a  dual-channel  step  motor  drive 
unit.  The  intervals  of  stepping  of  sample- in  and  sam¬ 
ple-out  stepping  motor  and  the  wave-number  driving 
motor  as  well  as  the  data-collecting  system  as  a  whole 
are  controlled  by  an  on-line  microprocessor  (Motorola 
M6800  microprocessor)  in  a  cycle  for  each  set  of  data. 

Sinusoidal  sweeping  of  the  light  beam  across  the  exit 
slit  of  the  monochromator  was  accomplished  by  a  vi¬ 
brating  mirror  at  11  Hz.  We  have  chosen  this  low  fre¬ 
quency  in  spite  of  the  1/f  noise  in  anticipation  of  the 
need  of  a  slow  detector  such  as  a  thermocouple,  bo¬ 
lometer,  or  Golay  cell  and  most  important  to  avoid  the 
subhannonics  of  the  background  chopper  channel, 
which  is  39  Hz.  The  amplitude  of  modtilation  is  ad¬ 
justable  through  the  ou^ut  voltage  of  the  scanner 
driver  and  can  result  in  a  wide  range  of  modulation  for 
AA/X  — 10“^  to  investigate  the  broad  structures  of  solids 
in  the  infrared  region  of  the  spectrum. 

As  shown  in  the  block  diagram  of  the  system  in  Fig. 
1,  two  lock-in  amplifiers  are  employed.  Lock-in  am¬ 
plifier  /  measures  the  intensity  of  the  chopped  radiation 
at  39  Hz  with  sample-in  and  sample-out  settings  at  a 
fixed  wavelength.  The  lock-in  amplifier  II,  which  is  fed 
with  the  11-Hz  reference  frequency  derived  from  the 
vibrating  mirror,  measures  the  derivative  signal  with 
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sample*!!!  and  sample-out  settings.  The  sample-in  and 
sample-out  mechanism  is  a  stepping  motor  coupled  with 
a  translation  stage.  With  appropriate  combinations  of 
gratings,  filters,  and  light  sources,  the  system  can  be 
operat^  in  the  spectral  region  from  ultraviolet  to  in¬ 
frared  (~12 /xm).  The  main  light  sources  in  this  study 
were  a  nmgsten  lamp  in  the  visible  and  near  infrared 
and  a  globar  in  the  infrared.  The  detectors  used  were 
PbSnTe,  PbS,  and  a  silicon  photodiode  for  appropriate 
spectral  regions. 

1  Operation 

With  the  sample-in  settings,  two  data  points  were 
taken;  one  fiom  lock-in  I,  which  is  in  the  intensity  of 
radiation  transmitted  by  the  sample,  and  the  other  from 
lock-in  II,  which  is  the  derivative  signal.  The  same  set 
of  data  is  taken  with  the  sample-out  setting  yielding  the 
equivalent  for  the  background.  Those  two  seta  of  data 
are  fed  into  a  multiplexer  and  then  digitized  by  an  ADC. 
The  digitized  result  can  be  either  punched  on  paper  tape 
by  a  t^etype  or  fed  into  the  on-line  computer  (PDP 
11/23)  directly  for  ntimehcal  processing.  By  appro¬ 
priate  combinations  of  these  sets  of  data,  we  can  form 
a  logarithmic  derivative  of  intensity  as  a  function  of 
energy  or  direct  transmission.  A  computer  program 
was  written  to  obtain  the  numerical  values  and  graphs 
of  derivative  of  the  absorption  coefficient,  integrated 
result,  and  direct  transmission  as  a  function  of  en¬ 
ergy- 

All  these  data-taking  processes  are  done  in  a  sequence 
at  one  wavelength,  and  after  a  cycle  the  system  moves 
to  the  next  wavelength.  This  data-coilecting  cycle, 
which  is  controlled  by  a  microprocessor  (Motorola 
M6800),  is  operated  in  the  following  sequences.  The 
block  diagram  of  the  data-taldng  cyde  is  shown  in  Fig. 
2,  which  performs  in  the  following  cyde: 

(1)  The  M6S00  sends  out  pulses  to  the  stepping 
motor  driver  which  drives  two  stepping  motors  one  for 
the  linear  translator  assembly  unit  and  another  one  for 
wavelength  drive. 

(2)  The  stepping  motor  which  is  attached  to  the 
linear  translator  assembly  unit  takes  the  sample  in  or 
out  of  the  path  of  the  light  beam. 

(3)  While  the  sample  mount  is  translating,  the 
wavelength  drive  is  stepped  by  the  second  stepping 
motor. 

(4)  Then  the  system  waits  for  a  certain  time  before 
taking  the  first  set  of  data.  In  this  study,  we  have 
chosen  the  waiting  time  to  be  approximately  three  times 
the  lock-in  time  constant. 

(5)  At  the  end  of  the  waiting  time,  two  data  points 
are  taken:  one  from  the  lock-in  I,  which  is  the  intensity 
of  the  background  radiation,  and  one  from  lock-in  II, 
which  is  the  derivative  signal  of  the  background  radia¬ 
tion. 

(6)  The  microprocessor  sends  out  reverse  pulses  to 
the  driver  to  step  the  stepping  motor  backward  so  the 
linear  translator  assembly  unit  will  bring  the  sample 
mount  to  the  sample-in  position.  This  brings  the 
sample  in  the  path  of  the  light  beam. 

(7)  Waiting  time  starts. 


Pig.  2.  Block  diagram  of  control  system  for  dau-taidng  cycle. 

(8)  At  the  end  of  the  waiting  time,  two  similar  data 
points  are  taken,  except  with  the  sample-in  this  time. 

This  completes  one  data-taking  cycle  at  one  wave¬ 
length.  The  interval  of  the  linear  translation  of  the 
sample-mount  and  the  wavelength  drive  as  well  as  the 
length  of  the  waiting  time  can  be  adjusted  by  changing 
the  appropriate  program  parameters  fed  to  the  micro¬ 
processor.  The  program  of  the  microprocessor  is  taped 
on  a  cassette  tape  and  played  by  a  cassette  player  at  the 
beginning  of  the  run  of  the  system. 

lU.  Experimental  Results  and  Discussions 

A.  Treatment  of  Data 

Before  a  detailed  discussion  of  the  experimental  re¬ 
sults  and  the  interpretation  of  the  spectra  of  the  indi¬ 
vidual  substances  measured,  we  shall  present  the 
method  of  presentation  of  data  and  the  mode  of  anal¬ 
ysis. 

In  the  intrinsic  spectral  regions,  values  of  the  ab¬ 
sorption  coefficient  were  determined  brom  transmission 
measurements.  In  the  extrinsic  spectral  regions,  that 
is,  impurity  dominating  regions,  the  integrated  deriv¬ 
ative  data  were  normalize  to  the  laser  calorimetry 
measurement  at  indicated  discrete  laser  lines.  This 
representation  of  the  data  allows  us  to  display  the  fine 
stricture  excursions  in  absorption  above  and  below  the 
calorimetric  point.  In  a  number  of  cases  a  second  ca¬ 
lorimetric  point  was  measured  at  the  other  end  of  the 
spectrum.  It  was  found  that  the  absorption  coefficient 
derived  fiom  this  second  measurement  agreed  with  the 
integrated  value  obtained  fiom  wavelength  modulation 
data. 

To  discriminate  the  effect  of  atmoepheric  absorption 
on  a  sample,  we  ran  each  sample  in  two  different  am¬ 
bient  conditions,  one  in  atmospheric  ambient,  the  other 
in  dry  nitrogen  ambient.  The  latter  was  accomplished 
by  Hushing  the  whole  system  by  dry  nitrogen  gas  flowing 
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snoun  in  ail  af  :!i«  figures,  ac  lo«  oxygen  concene  ihe  infrared  aeeorpcion  aacnaniaa  in  cne  9  ja 
-egion  la  coaoiicactd.  This  indlcaees  che  exiscence  of  oxvgen  in  aifferene  energy  ecacea.  This  is 
indarseandaoie  if  >a  keep  in  eind  che  face  chac.  alehougn  oxvgen  is  incerscieiai  in  che  sense  chac  ic  loes 
noc  occupy  a  iaetice  site,  le  can  occupy  sllgnely  llfferene  positions  of  /arying  energy. During  growth, 
oxygen  aeoM  are  randoaiy  trapped  in  the  silicon  laceice.  and  ac  rooa  ceaperacure  chernal  agitation  peraics 
tne  oxygen  acoa  to  occupy  a  nuaper  of  slightly  dtfferene  conf iguraclons  of  varying  energy. 

tn  rig.  IS  the  aPaorpcion  la  stronger  chan  che  previous  saaoles;  it  appears  chat  if  che  oxvgen  content 
exceeds  a  certain  value  •  IQi*  aeoaa/cn3.  che  absorption  laecnanisa  at  llOS  ca'i  dominates.  This  band  ac 
UOS  ca"'  we  attribute  Co  che  form  of  freely  dissolved  Sl^O  ''luasiaoiecitle.  "  In  che  above  figure  ve  can 
also  note  a  band  at  lOaS  ca*^  i9.S  umi  in  both  seed  and  call-ends:  this  band  aignc  be  related  to  still 
another  complex  which  can  be  formed  if  the  oxygen  concent  reaches  a  certain  value  i-  10^*  atoms/ csr^ < . 

In  concluding,  ws  sumaansa  our  results: 

U  Even  though  the  'is*  of  floac-tone  silicon  as  an  oxygen  free  reference  is  a  coaaon  practice,  our 
results  snow  the  floac-zone  silicon  also  coneains  oxygen. 

Z)  The  scats  of  oxygen  in  silicon  is  in  tua  fora  of  coaplexss. 

3)  If  the  oxygen  concencraeion  exeasds  a  certain  value,  the  oxygen  in  Sl^O  "quaalaolecule"  starts 
deatnaeing  ths  infrared  absorption  macnanlsa  at  about  9  ua. 

4)  Different  parts  of  th*  saaa  ingot  of  float-son*  grown  silicon  hav*  different  oxygen  content  which  is 
responsible  for  infrared  absorpeion  around  9  pa. 

5)  Our  wavelength  modulation  system  can  dacact  the  vanacion  in  th*  absorpeion  coaffleisne  of 

-  10~*  ca'i.  If  w*  approxiaaea  th*  seaetaring  cro«a  sactlon  of  oxygen  responsible  for  abaorptlon  at  9  ua  to 
b*  -  10~i*  ea^,  w*  have  eh*  capability  of  d*e*eeing  oxygen  at  levels  of  -  I0i3  acoas/cad* 

SlOMCZ 

In  this  paper  w*.  hav*  shewn  that  infrared  wavelength  sedulatlon  is  a  sensitive  and  versatile 
speetroeeopic  characearizatlon  tathnidu*  for  a  variety  of  seaieenduceor  eachnology  probleaa.  In  particular 
;ha  rtsuits  of  a  study  of  daep  lavals  in  saau.- insulating  OaAs,  surface  layers  in  SI,  OaAs,  and  HgCdT*. 
oxygen  coaplexes  in  floating—ton*  SI.  as  well  as  th*  determination  of  strain  In  Ion  isgilancad  layers  war* 
presented. 
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3iff«r8nee  ■tavLencrti  aoduiactan  »n«ctro«goov  of  in  flo«ein»-;9n«  5iliean 

rh€  'B«  of  infnrod  SB««troaeopy  so  lapneifr  rsiaeiv#  aasunca  of  oxvgan  in  iillcon  is  roueins. 

Usually  5ft*  conctneraeion  of  aissolv*4  oxv^tn  is  aailucsd  fro*  5ns  infrarM  aosergcion  ae  afioue  9  ja  (IlOO 
Cl*').  Til*  ralacionamo  b*«u#««  ch*  ineanaicy  of  snis  Band  ana  cfta  dlssolvad  oxygen  naa  B**n  daaonacrieaa 
ryUafllv  in  *xp*rtaanea  By  coaparing  cn#  aosarpeion  in  saaolas  eoneaanin*  eft*  oxygen  isocopes  O'*  ana 
01*  IT.  IS 

:c  ftas  Been  siMwn  cftac  sftds  Band  is  aasoetaead  uttn  incarscieial  oxygen  and  is  due  :a  an  infrared-acciv* 
anev*yii«*«ric  :yp*  of  vtfiracdan  of  eft*  Sl-Q  •aslae’il*.  *'*  This  sodal  fta#  Been  queaeioned  and  le  Baa  Been 
suggssead^ft  cftac  eft*  oxygen  in  silicon  la^  in  a  Bound  seaca.  foming  fine  saeond-pnaa*  SlO,  particles  and 
eft*  afisarpeion  ac  1  pa  is  due  Co  cftia  oxvgen.  AceaaDca  nave  Been  aad*  cs  exolain  cfta  cftaniisa  of  opeical  and 
electrical  properties  of  silicon  after  various  fteae  creacaencs  By  eft*  pftas*  transitions  of  these  second- 
pftasa  particles  of  SIO..^^  Other  uorxers  sftouad  tftac  aOsorpeion  spectra  of  silicon  saaoles  around  9  un  with 
relaeively  low  oxygen  ^  coneancraeion  ftav*  a  cosqlas  structure.  They  oftaeryed  a  peek  ac  1128  ca*' ,  and 
aneeftar  peak  ac  113S  cm~^.  and  they  actriftucad  these  peaks  to  dlssolyed  oxygen  in  the  lattice  and  in  tn* 
jecond-rineee  SlO,  partielas.  raspaccivaly .  They  suggested  tftac  ocher  electrically  inactive  scacas  of  oxygen 
in  silicon  aigne^txisc,  and  char*  signe  Be  a  cnreshald  oxygen  eoneencracion  vnieft  is  necassary  for  any 
slgnlflcanc  forsBClon  of  SIO^  coaplexas  to  occur. 

.■(early  all  preetoue  optical  studies  of  oxygen  in  silicon  were  perfoniad  on  silicon  saaplas  grown  By  the 
Csaeftralski  aaeftod.  wnicft  presaaasly  nave  oxygen  concencs  in  the  rang*  of  lOif-lOi*  leoeB/esi.  Practically 
ne  inforsacion  is  aeailaOle  on  the  seaca  of  oxygen  in  floac-tone  grown  silicon.  The  reason  for  this,  u* 
bailee*.  Is  cftac  flaar-sona  grown  silicon  has  law  oxygon  coneanc  ((  iQi*  aeaas/eaX,  and  cfta  daceccion  lime 
of  eoneoneianal  differential  asaarpcion  aaeftods  is  >  1  ■  lOi*  acoas/ea^.  Oxygen  eoncantraclon  in  ch*  rang* 
of  •  IQA*  atoaa/end  conenftwcaa  •  O.S  cn*5  eg  egg  acaarpcian  coefflciene  ae  afteut  9  uau  In  addition,  the 
lacnnsie  laetiea  band  of  silicon  coneriAiteas  >9.8  ca*i  to  the  aftaorpeion  coefficient  ae  aSaiic  9  un.  This 
fact  clearly  indlcaeas  cfta  difficulty  of  cfta  study  of  cha  saanlas  wttft  law  oxygen  coneanc. 

3iic  ua  Ballaea  that  cfta  aatftanlsn  of  oxygen  ceanlax  fonsacion  and  eftaraal  donors  can  bo  ondarscaod 
bactar  if  uo  can  understand  how  cfta  oxygen  conplex  fomaeion  is  inieiaead  for  low  oxygen  eonetne.  In  this 
spine,  w*  initiated  cfta  study  of  oxygen  in  silicon  «ie&  low  oxygen  coneanc  i<  10i9  aeano/a*>(  using  an 
infrared  dlffarenca  uaealangcft  sodulacion  tetftniqua.  Saearal  flaae-tsna  grown  silicon  sannlas  uar*  studied, 
all  wicA  oxygen  coneanc  below  cfta  dataceion  line  of  caneaneional  ncftods  >  1  <  lOi*  teom/ea*.  aaosurtnanes 
ware  aada  oe  dl/faratw  saceionn  of  tfta  tana  ingot,  tftac  is,  efts  saad-snd  end  CAn  tall>end  of  tfta  dlnensions 
•  2  cn  in  dlaaMCar  and  I  cn  la  tfticknass. 

Our  infrsrad  vaealangeft  aodulecien  teennlque^  was  enoioyod  to  study  tna  9  un  abnarpcien  band  of  theae 
sanplaa  ae  roan  tsansraeura.  To  ellninaeo  tfto  adoarpeton  duo  to  tfta  inerinnie  laeeieo  yiftrseion  of  silicon 
and  surfaea  effects,  wo  usod  »  «anoio-tn  and  saanio>oue  procaduro.  wftien  tnadios  e  coapanson  of  tfta 
danyMieo  of  cfta  aPoarpcion  of  a  sanpia  witft  s  refarenea  sanolo.  Wien  this  procedure,  tfta  danyaciva 
spactrun  of  tfta  dlfferenea  of  Cfta  apnorpeion  batuaon  e  sanpia  aad  cfta  rsftrenea  errstal  is  opcainod.  A 
eanewncianal  spactropiiocoaatar  run  of  cha  rsftrenea  eryteal.  wnieh  is  a  saad-end  of  anathor  floae-tono 
silieon.  snowad  just  a  traea  of  oxygon  ae  9  uaa  tftac  is,  *e  9  ua  tfta  oxrgon  canenftutas  approxisaealy  9.  IS 
ea'i  to  tfta  aPaarpcian  eoefflelonc.  Prow  this  wa  can  aoproxiaaca  cfta  oxygon  caneene  of  refarenea  crystal  to 
ba  •  tPi^  acaas/e^.  The  dacaetar  uaad  in  tills  study  wan  PbSnra  at  liquid  nitrogen  tenparaeur*. 

The  Uicagratad  reauits  of  cftaaa  danyaeiya  spectra  of  cha  difference  for  a  sartss  of  saaplas  are  shown 
la  Pigs.  13.  Id.  IS.  and  16.  Ths  figures  sftaw  cfta  reiaciya  venations  of  aPnorpcion  of  saapies  wien  mpacc 
ca  eiia  raforenea  eryteal.  Tharefar*.  tfta  paaieiva  sida  of  cha  aPaorpcion  of  tfto  sanpia  in  tfta  ftgurea  aasna 
aaro  apaarpeion  and  nagacira  sidn  of  Cfta  aPaorpcion  naana  loss  aPaorptian  than  tfta  reftronea  crystal  ae  tfta 
appro pnaca  waeanunpars.  In  sll  tfta  figures,  efts  upper  drawing  is  eft*  oxpenaeneal  result  of  ca*  seed-end 
and  cn*  lower  on*  is  efts  result  of  tft*  tail-end  of  cn*  sans  ingot  wieti  raspoet  ca  eft*  refarenea  crystal  with 
>  10*3  osygan  acans/caS. 

In  chis  study,  it  sftauld  b*  nacad  tftac  sinca  wo  sr*  caking  eft*  danyaciva  of  eft*  different*  of 
aPaarpcian  ar  apprapriaca  frequancias  batvaen  sanpia  and  eft*  rafarene*  cryscai,  Cft*  shift  or  cn*  different 
widen  of  CA*  band*  of  eft*  eryscals  represane  eftanga*  rolaeiy*  eo  ch*  referanc*  crystal.  Consequently,  te  is 
incaresting  ca  naea  CAnc  bacaun*  of  tn*  sansieiTiey  of  eh*  different*  danyaciva  cacftniqua  (dk  •  10*^  en'D, 
eft*  fiapcl*  i pacers  changan  loeraduead  by  vsnaus  ftaac  creacaaiics  esn  b*  seudisd  by  eonpanng  le  wicft  eft* 
reforane*  *e*n  eftawgft  ca*  eftanga  of  spaceral  diaeriPueian  eausod  by  haac  creaenanc  on  cfta  sanpia  by  lesalf 
is  dlffleuie  cn  dacamdnol 

In  Pig.  13.  wa  not*  cftac  a  band  onorges  aC  1123  ca'i  (0.9  un>  In  Cha  Call-end  <low*r  figure).  It  is  not 
clear  osately  what  coapies  is  responaibl*  for  this  band,  u*  can  clearly  see  a  sftouldar  ae  1108  cn~*  (9  un) 
la  CA*  tail-end  <  lower  figure)  wnieh  appears  te  bo  Si  0.  Th*  rtsulCs  on  ciw  dlfferene  tngoes  ar*  shown  in 
Pigs.  14  and  IS  and  wa  can  so*  apsut  th*  sane  leeei  ‘  aPsarptlon  due  to  Sl-O  ae  1108  cn**  in  baeft  pares  of 
CD*  Sana  Ingot.  Howavar,  w*  can  lanodiaeslr  not*  chat  eft*  spaceral  dlscn&aeion  eftangos  svan  wicftin  th* 
tana  ingot  dapondlng  on  wtiieft  pmre  of  tn*  ingot  cn*  sanel*  la  takan  fro*.  This  is  not  unreasanapl*  if  w* 
eanaldar  eft*  fact  cftac  cn*  crystals  are  floac-sano  saaplas  and  tn*  sanstetTicy  of  our  syacan. 
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Th«  jcnsictvicy  of  our  syscia  snaoica  oa  Co  scudv  surface  absori>cian.  Alchougn  che  prtaary  aia  of  ehia 
report  is  :o  deaonserace  the  power  of  infrared  wavelength  aoduiacion  speccroscopy  as  a  characterization 
eechnique  for  hulk  seaiconductora,  ua  snail  show  soaa  exaaples  of  imasureaencs  on  alkali  halides*  since 
recencly  a  greac  deal  of  aacerial  preparation  studies  have  taken  place  to  laprnve  these  aaerlals  for  light 
guiding  applications,  first  ve  shall  discuss  an  exaaple  of  seasureoencs  on  KBr  which  reveal  both  surface 
and  bulk  absorption.  These  clean  alkali  halides  are  potentially  'iseful  insulators  in  SIS  structures. 
Subsequently  we  describe  sons  exaaples  of  surface  absorption  on  seaiconductor . 

The  absorption  spectra  of  a  typical  KBr  crystal  obtained  with  a  conventional  double-beaa  speetroaeter 
are  shown  in  rig.  10.  This  crystal  was  grown  froa  aacerial  which  was  selectively  ion  filtered  and  reactive 
gas  created  for  purification  prior  to  crystal  growth.  As  can  be  teen,  virtually  no  absorption  structure  can 
be  seen  above  the  noise  level  of  the  inscruaanc.  conflraing  the  relacive  purity  of  the  saaple. 

Figure  11a  shows  the  integrated  derivative  spectra  of  the  above  XBr  saaple  taken  with  Che  saaple  In  the 
laboratory  acaospharo.  The  nchiiess  of  the  observed  spectra  should  be  noted  In  eonerast  to  the  featureless 
spectral  shown  in  Fig.  10  for  the  saae  saaple.  The  righc-hend  ordlneca  In  Fig.  11  indlcaeas  the  absorption 
cooffleianc  ac  3.3  ua  as  inferred  froa  a  laser  calortaecer  aeeaureaene  with  e  OF  laser;  the  left-hand 
ordlneca  indlcacas  the  relative  change  of  abaorpcion  obtained  by  integrating  the  wavelength  aoduiacion 
darivaciva  data.  The  dapch  of  the  aoduiacion  of  cha  aonochroaacor  frequaney  uaad  to  obtain  thoae  data  was 
10  ca*d.  Tha  zero  of  cha  dX  ea'i  wavelength  aoduiacion  result  la  registered  with  che  ebsorpcion  calibration 
pome  of  0.4  X  10'*^  ca'd  obcainod  by  laser  ealoriaacry.  Therefore,  to  obtain  the  actual  absorption 
eoeffleiont  at  a  particular  wavelength,  one  aerely  adds  or  subtracts  the  appropriaea  dX  value  at  a  given 
frequency  to  tha  0.4  >  t0~*  en"*  value.  This  type  of  rapresaneacion  of  Cha  dees  allows  us  Co  display  cho 
fine  structure  excursions  in  absorption  above  and  below  cha  calorlaecrlc  point.  Successive  runs  on  this 
saaple  reveal  that  Che  structure  shown  in  Fig.  11  is  reproducible  wichta  a  aean  daviaeien  of  dX  -  10~*  cs~t. 
Cansaquanely,  Cha  noise  level  is  at  che  level  of  the  width  of  che  drafting  lines.  The  data  points  were 
taken  ac  S  es**  frequancy  tnearvala.  The  sasple  thickness  was  4  ea. 

When  this  saaple  Is  placed  in  a  dry  N,  acanaphere.  a  continuous  change  in  cha  spectral  dlacribueion  of 
the  absorption  is  obasrved  until  cha  spectra  stabilize  after  che  saaple  has  been  in  this  gaseous  aabiene  for 
an  hour.  Tha  doainanc  feaeures  of  che  spectra  of  this  saaple  when  in  the  laboratory  acsDspiiare  displayed  in 
Fig.  lie  aroi  a  band  near  2.3  ua  with  Cha  fine  scrucctire,  aulCiple  structure  betuaen  3  eo  4  us  with  fins 
structure,  e  slurp  strong  band  ac  4.2  urn,  a  band  ac  S  us.  and  aucllple  structures  bacuaen  6  Co  12  us.  The 
daea  ahown  in  Fig.  lib  are  for  ebis  sasa  saaple  in  a  dry  if,  aesosphore.  Althougb  chare  is  e  distinct  change 
tn  cha  spectre  in  Fig.  lib  coapared  to  Fig.  11s.  soaa  of  cite  original  proslnenc  feaeures  can  still  be 
recognised.  The  slurp  peak  ec  4.2  ua  is  greacly  reduced,  and  Che  band  at  S  us  is  gone,  while  soae  of  Cho 
ongiiul  structure  borueen  S.3  and  12.0  us  is  still  present;  hewevar,  a  valley  develops  around  9  ua. 

Analysis  of  cha  ohsarved  spectra  has  allowed  ua  for  cha  first  else  ce  identify  vpluae  and  surfaca  ispuneiaa 
tn  highly  pure  XBr  and  other  alkali  hsiidea.* 

Oalng  our  infrared  wavelength  aoduletion  syscea,  wo  have  been  able  Co  study  cha  growth  of  nature  oxides 
oa  freahlr  atchad  silicon  surfaces.  Ue  can  easily  datact  the  9  deron  SlO  absorption  band  In  a  10  A  layer 
of  silicon  with  a  sigiui-co-neisa  ratio  of  100/1.  Indicating  chat  we  have  che  eapahlllties  of  studying  cha 
growth  of  a  fraction  of  a  aenolsyar  of  adsorbed  species.  An  txaaple  of  Chis  band  la  shown  tn  Fig.  12 
isaadlaealr  after  che  silicon  s^ace  was  etched  with  HF.  Studies  of  oxldss  on  GeAs  and  HgCdTe  have  enabled 
us  to  study  tha  foraacien  of  OH  in  oxides  on  GeAa  as  well  as  tha  preaenca  of  TaO,  on  HgCdTe  due  to  various 
surfaca  craataanes.  ^ 


Deterainacion  of  strain  in  layered  seaiconductora 

In  the  growth  of  seaiconductor  layers  by  various  epitaxial  techniques  such  as  if.S.X. ,  L.P.E. ,  and 
C.V.O. ,  and  the  doping  of  layers  by  Ion  laplancaeion  and  other  techniques,  an  laportant  cachnelogical 
problea  is  tha  Msassaane  of  tha  hoaogeneity  of  doping,  alloy  coapoaicion,  and  strain  in  the  layers,  lie 
have  used  our  wavelength  techniques  to  dateralne  shifts  In  various  critical  points  as  a  function  of  doping 
and  scram  tn  several  saaieonductors. 

One  of  tha  aajor  fabricacton  processes  used  in  che  fabricate  of  n-type  channel  FCT’s  on  seniconducting 
GeAa  IS  the  utillsacion  of  ton  laplancaeion.  The  aasessaanc  of  defects  subsaquane  to  laplancaeion  and 
annealing  is  of  pnas  tspartanes,  especially  so  for  shallow  laplantad  layers  -  1000  A.  He  have  observed  che 
affects  of  Ion  laplancaeion  by  cho  nondoacnietivo  aechods  of  wavolengch  aoduiacion.  Local  scram  was 
ohsarved  by  aaasurtng  the  shift  of  the  laaginary  pert  of  the  dleleccrte  function  of  GeAs  tn  the  neighborhood 
of  the  Ej  and  E^vd  critteal  pome.  laplancs  of  Be.  Sb.  S,  In.  and  double  laplanecd  Sb  and  Be  were  studied: 
cho  laplancmg  fluxes  ware  of  the  order  of  i0*3/cj|3,  coapared  co  ion  uniaplaneed  GeAa,  poeltlye  and 
negaeive  shifts  at  the  tnargy  of  the  er  it  leal  pome  were  observed,  indicating  chat  we  are  able  co 
distinguish  eoneractlon  or  txpsnslon  of  che  laectee. 

In  addition,  we  found  chat  che  incvnatcy  of  t,  che  laaginary  pert  of  che  dtelecerle  function  at  che  E,»d 
trieieal  pome  docreaaod  as  a  function  of  n-cypo  doping.  Thoao  results  can  bo  mearpracad  in  Caras  of 
screening  of  che  hyperbolic  txeiton  assoc laced  with  this  eritieal  pome. 
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mown  in  ?U«.  I  »ik1  locK-in  t  iwaaiire*  ch*  ineanottv  of  cfi»  choopo<i  rauiacton  ac  frmuanev  f 

ae  a  fixed  wavoi«nach  ^icA  ene  saawla-in  And  cho  saapia-oue  wntla  locK-tn  aapllfar  [I.  ae  fraduancy  f,, 
aaaatires  cna  oerivaeiva  sifnai  also  uicn  cna  saaoia-tn  and  laaoia-oue.  appropriaea  ll.«ne  sourcaa.  fltEara 
and  daetetora  ara  aapiovad  for  a  givan  soaetrai  ration.  AC  eft#  and  of  a  daea  eakint  CTcit  efta  anarty 
dardvaciva  of  efta  apaorpeion  aa  wall  aa  iC3  ineafrai  ara  caicuiacad  by  a  POP  11/20  doapuear  and  :no  rasuies 
pioctad.  Tha  eonaeane  of  ineatracion  is  luppliad  by  efta  dlrace  aaaauraaane  of  efta  acaorpcion  in  a 
convanianc  spacerai  ration. 


Tha  asova  infrarad  uavaianten  aodiUaead  syseaa  waa  aaployad  In  a  dacailad  xeudy  of  efta  darivaeiva 
apsorpeion  of  GaAsiCr.*  rlturaa  3  and  4  show  efta  ineatraead  dartyaciva  data  of  sani-tnsuiacint  GaAsiCr  ae 
300  X  uten  various  datraaa  of  sftailow  donor-aceapcor  eeapanaaciona.  All  efta  saaplaa  war*  sani-tnsuiacint 
and  eoncalnad  •  I0i*/e9d  Cr.  Tha  saaplaa  in  Pit-  3  wars  ftltftly  eonpanaacad  unila  eftoaa  in  Pit-  A  vara 
slitnely  "ora  p-  or  n-eypa.  raapaetivaly.  Tha  vxeanaiya  ftna  seructurea  wieft  variation  in  aPsarption 
eaaffleiane  of  OX  -  tO'*A  ep  10**^  ea*i  out  of  a  ralaciyaly  saooea  baclttround  absorpeion  of  l-Z  ca-i  should  ba 
noead.  Prtyloualy  raporead  eoirraneional  opeieal  ahaerpeion  aaasuraaanes  rtyaalad  a  faw  ?laeaau>lll(a 
serueeuraa.  indicacint  eftac  eftay  bad  only  oOaarvad  efta  anvalopa  of  efta  aftsorpeian  in  eftu  ration.  Tha 
dacailad  aseanaiva  ftna  serueeura  oftaarrad  can  ba  eorralaead  wieft  an  anartr  lava!  seftana  of  iCrd^-Cr**!  lona 
in  GaAs  shorn  In  Plf.  S  and  inearpraead  in  earoa  of  eraraiciona  froa  Cr^iona  eo  efta  vaianea  and  canduceion 
handy  and  txeiead  seacaa.  Tha  eaaplasiey  of  efta  spacers  is  dua  eo  eoupllnt  of  Cr  ea  dpnor  or  aeeapepr 
coaplasaa,  and  eft#  sufteia  cftantaa  ara  dua  eo  efta  datraa  of  eoapanaacipn  and  eonsadunne  poaieian  of  efta  Perm 
laeal  In  ehaaa  four  saad-inaulacint  saaplaa.  A  eoaplaea  analyata  indleaeaa  ehae  a  eoaparaftla  nuapar  of  Cr 
aeoaa  ara  ae  eaerstonal  and  entondl  sieta  and  can  axplaia  efta  rapid  dlffuaian  of  Cr  la  GaAa.* 


Aa  axcanaiya  study  wan  sada  on  soai-tnaulaetat  CaAa  frown  by  eftn  lipuld  tneapauiaead  Cueftrsiskl 
eaeftnidup  <UE).  ThasM  seudlaa  war#  parforaad  la  efta  spaeersl  retian  »*  and  efta  eaaparseura  ranta 

90»300  K.  la  eftaaa  ssaplan,  wa  oftaarvad  a  nuapar  of  serueeuraa  dua  ea  SL2.  oeftar  dafaees.  and  LspurieKs. 
Savarsl  flaa  semeeurM  viara  opsaryad  wnieft  can  ba  inearpraead  in  eiras  of  inera-etnear  ersnaipona  bacuaan 
lawals  of  lapuneias  spile  by  eft#  erysesl  flalds  efta  daes  wara  oftcaiaad  wteft  our  danvsciya  spiKeronaear  and 
efta  taeatrsead  rasuien  ara  11  inwaad  balow. 


Pltura  t  sftawB  efta  aPaarpeion  of  saai-inaulaeint  UEC  Sana  ae  300  K.  Tha  ehroaiMld  ae  1.4  aP  is  efta 
oraac  of  efta  dlraee  band-eo-oand  ersnaieton.  ufttla  efta  eftrashald  ae  1.0  a?  is  -  efta  onaac  of  efta  S.2  dafaee. 
Tha  mail  serueeura  bacuaan  0.3  and  O.S  eP  and  eftraslMld  ae  O.S  aP  should  ba  noead.  Tha  tansieiyiey  of  our 
aaasuraaane  allawp  up  ep  fiva  eradpoea  ea  cftantaa  la  aPaarpeton  eaaffleiane  •  10'~>  ea*'.  Aa  ena  eanoaraeura 
IS  raduead  ea  lU  K.  ua  noea  efta  tsPM^anea  of  seruetara  sftawn  in  Pit.  T  on  a  vastly  axpandad  seals,  whan 
efta  saapla  eanoarseiara  la  raduead  ea  80  X.  efta  serueeura  vtea  a  ehrasfteld  ae  1.0  tP  ae  rood  essparaeura 
aptnncly  duasKftata  unan  efta  saapla  is  illuannacad  uten  band  fsp  llfftC;  saa  Pit-  9.  Uhan  efta  sanpla 
tapparscura  is  laeraaaad  and  efta  aaasuryswnc  parforaad  wieftaue  band  tap  Ilf  he  prosanc,  efta  CL2  eftrashald 
racwTia.  Tha  aacascaptuey  of  etns  laral  and  les  passiPla  idaneifleaeion  as  an  anei'-siea  dafaee  of  SaAa 
ftaya  baan  prayieusly  dlseussad.  i  *■ 


Ptfura  8  sPoAia  efta  serueeura  oPaarvad  in  Plf.  9  on  a  vasely  axpandad  seal#  possiftly  by  efta  praeision  of 
our  saasurasane.  Itaea  should  ba  eaSan  of  efts  sharp  serueeura  ac  0.3S  -  0.38  aP,  a  bread  paak  ae  0.4  tP, 
serueeura  boevoan  0.42  *  O.S  aP,  and  efta  eftrashald  ae  O.S  sP.  Slsilar  serueeuras  ara  obsarvad  in  efta  saaa 
spacers!  ration  far  oeftar  undopod  LaC  CaAs  saaplas,  buc  wteft  cftantaa  in  efts  ralaeira  ineanstetas  of  efts 
various  serueeuras.  Tha  serueeuras  ae  0.3S  -  0.38  aP  and  e-fta  eftrashald  ae  O.S  aP  saaa  ea  bo  eorralaead. 
indiescine  eftdr  ara  dua  eo  efta  saaa  Layal.  Tho  serueeuras  ac  0.3S  -  0.38  tP  ara  vary  siailar  eo  eivae  wftieft 
IS  oasarrad  for  dalUMracaly  Fa  dopod  in  a  nuopor  of  soaleandueeors,  n  and  sd  can  ba  idonetfiad  as  an  inera- 
esnear  eransteion  of  Pa^  in  CaAs.  (Eseinseint  efts  oseillaeer  seranteft  for  Pa,  our  saoplos  eeneain 
«  Iflio  Pa/eaO.)  Tha  enrasAold  ac  O.S  aP  wftosa  ineanstey  seslas  wteft  eftts  inera-eancar  ersnsteton 
eprrasponds  eo  efts  ersnsteton  froa  efts  valanes  band  ea  efta  Pa  lavais.  This  is  furthsr  suPseaoetaead  by  efts 
face  eftae  ena  posteton  of  eftts  etirasftold  aa«as  wteft  a  easparaeura  eoafftciane  statlar  eo  efta  CaAs  band  fapi 
•  statlar  oPsoryacton  Has  boan  aoda  froa  Hall  aaaauraaancs.  *3  Tha  rasanane-Uka  band  around  0.4  tP  wieh  les 
podstftla  ftna  serueeura  saasa  ea  ba  an  inera~eanear  eranateton.  Phoea-induead~eranaiane  spaeeroacaoy 
(P.I.T.S. >  alaecrteal  aaasurananes  oddo  on  ena  saaa  saaplas  as  efts  opctesl  aaasuraaanes  rayaal  lavais  ae  0.4 
and  0.9  aP,  efta  laeear  boinf  dua  ea  EU.  A  lavai  ac  0.4  aP  has  baan  rtporead  in  saat-lnsulaetnt  CaAs  by  a 

ofaaasuraaanes‘0  upten  was  oritinally  asertbod  eo  oxyfon  in  0-deead  CaAs.  itaeancly  a  eoaptnacton  of 
'dapandane  Hall-yffaee  aaasurasanes.  soar1r~saurea  sass  spoeeroscapy,  and  soeondsry  ion  ooss 
spdceruseapy  aaasuraaanes  ftava  tndteaead  e.ftse  naieftar  oxyfan  nor  any  oeftar  tnpurtcy  can  aeeoune  for  efta  0.4 
tP  lavai  and  eonaaquancly  le  is  propoply  dua  eo  a  pura  dafaee. 

Thoraal  annaallnt  and  quaneftlnt  axoariaancs  on  a  rant#  of  LEC  CaAs  saaplas  ravaalad  eftae  saaa  of  eftasa 
loyclc  *ra  pruPaPly  dua  eo  serueeura  inoarf aeeiona. i3  ■ni»  suPcla  eftarfas  in  ehosa  lavais  could  rasdtly  ba 
fallawad  by  our  wavalanfCh  aodulaeia  eaeftniqua. 
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0««p  l<v«i  dertvaciva  spaccraacopr  of  seaicanduccors  bv  uavaianyen  laodulacion  cecnniquaa 

K.  3raunaealn.  S.  >1.  taeaaadl,  and  3.  K.  Xlo 

OaparciMnc  of  Phvsica,  Untvarsicv  of  California. 

Loa  Angalea.  California  '30024 


An  infrarad  wavalanget)  nodulaead  aPaorpcion  spaccronacar  eapaAla  of  aaaaurtng  chanfas  in  cha  abaorpcion 
coafflciane  of  lavala  of  10"^  m  eha  spaecraX  ran(a  0.2-20  aicrons  uaa  eoployad  eo  study  bulk  and 
surfaca  aPaorpeion  In  saaiconduccora.  Tha  raaulca  of  cha  study  of  daap  lavala  In  saal-tnsulatlii«  CaAa. 
surfaca  layara  on  Si.  GaM,  and  H^dTa,  oxygan  coaplaxaa  in  floatlng-tona  silicon,  and  datarvinacion  of 
strain  in  ion  laplantad  layars  ara  praaanted. 


mcroduetion 

Tha  utilization  of  saaiconduetors  in  davtcaa  for  cha  aapllf leacion.  dacaecion,  {anaraClon,  and  signal 
procaaaing  of  high  frapuaney  alaccroBagnacic  radiation  in  vary  nigh  danaicy  eonflguraciona  rapuiraa  an 
incioaca  knowledge  of  tha  lapuntia*  and  seruecura  loporfacciona  which  affect  device  parforvanea.  It  has 
boon  a  scientific  and  technological  ehallanga  to  develop  nondaatrueciva  eachniquao  to  datacC  such 
laparfactlona  and  to  davalop  a  conceptual  frasMwork  for  undaracandlng  chair  alcroacople  electronic  structure. 
In  fashioning  high  danaicy  arrays  of  saaiconduetor  davieas,  it  is  asaantial  to  start  with  wall 
eharaecarizad.  hoaoganaous  suhacratas  to  obtain  naar-idantlcal  propartias  of  individual  circuit  eleaencs. 
Aaldo  froa  knowing  how  to  salact  cha  Initial  ‘’winning"  subacrace.  subsapuant  device  procaaaing  can  introduca 
unknown  tapurltlea  or  dafaeta  which  can  degrade  dovtca  parfonaanea  and  eonsapuancly  le  would  ba  desirable  to 
have  a  cechnipua  which  is  eapabla  of  following  eha  evaluation  of  a  saucandueear's  characteristics  froa  its 
initial  growth  through  tha  davico  processing  phases. 

A  powerful  array  of  anaeron  spactroscoplasi  asisc  for  decactlng  ehasical  lapuricias  but  these  raqulra  an 
ultrarhigh-vacuuB  anvironnane  and  ara  not  readily  adaptable  eo  analytical  procedures  which  can  ulciaacaly  ba 
used  on  eha  production  Una..  Thera  asiscs  an  iswinse  variety  of  junction  tachnipues  esploying  sons  fora  of 
daap  laval  transient  spaceroacopy  (OLTS)  eo  study  daap  level  defects  whose  vanatlon  depends  on  which 
Junction  psraawter  is  finally  aaasured. <  However,  apart  froa  technical  details,  the  end  result  one  desires 
to  estraet  froa  these  aaasuresants  are  eha  optical  and  eharaal  esassion  crosd  sections  for  electrons  and 
holes,  as  well  as  tha  ceneaneratlan  of  levels,  tn  general  excited  state,  thresholds  for  transitions 
beevaen  levels,  and  incra-eanter  transitions  beevean  levels  are  not  tesily  determined  using  the  above 
eechniques.  Tha  presence  of  high  electric  fields  at  the  Junctions  adds  eoapllcaciens  to  eha  interpretation 
of  the  data.  In  addition,  thermal  processing  of  the  test  structures  can  introduce  further  defects.  Direct 
optical  absorption  aeasuresents  yield  the  quantities  of  interest,  but  at  tha  level  of  sensitivity  of  OLTS 
eectuiipuas.  on  the  order  of  tOi^lOi^fcmb.  it  is  not  possible  to  employ  conventional  techniques.  Consapuently 
eonsidarscion  has  been  given  to  optical  oodulacton  spectroscopies  for  detecting  small  structures  out  of  a 
broad  background.  ^  A  faaily  of  danvativa  spectroscopy  techniques  has  bean  developed  where  the  aodulation 
psraseter  say  be  tha  electric  field,  stress  temperature,  or  wavelength  of  the  probing  light  baas.  3ecently. 
wavelength  aodulation  photoreaponsa  spactroscopies  have  evolved  to  aaasure  photo-induced  changes  in  voltage. a 
capncitance, b  and  current*  from  which  the  absorption  coefficients  are  Inferred.  An  exaainacien  of  wavelength 
aodulation  photoresponse  spectroacopios  in  contrast  to  direct  wavelength  aodulation  absorption/reflection 
indicates  chat  cha  latter  Is  tha  moat  suitable  technique  for  studying  deep  levels  since  it  yields  unambiguous 
Una  shapes.'' 

Ue  have  developed  an  infrared  wavelength  aedulated  system  capable  of  aaeauring  changes  in  absorption 
coefficients  at  levels  of  10“^  cm"'  out  of  a  broad  background  in  Che  spectral  range  9.2-20  aicrona.*  Since 
It  is  not  necessary  to  make  electrical  eonCacC  to  the  sample  one  obviates  possible  eontaninacion  by  t.hermal 
processing' nacesaary  for  DUS  or  photoreaponsa  techniques,  tn  addition,  being  an  optical  technique  there 
are  no  restrictions  on  cha  resistivity  of  the  sample.  In  this  report  we  will  discuss  the  use  of  this  system 
in  a  nueber  of  studies,  concerned  with  characterization  of  semiconductors. 

*  Infrared  wavelensth  aodulation  system 

The  theory  of  operation  of  the  infrared  wavelength  aodulation  system,  its  construction,  and 
laplaooncatiod  has  been  previously  reported.*  For  cha  purposes  of  Cha  present  discussion  we  shall  indicate 
some  general  aspects  of  its  operation.  In  one  fora  of  this  system  we  have  employed  a  Perkia-£laer  301 
*P*«*romeeer  in  a  single  beam  sample-tn  and  saawle-out  scheme  shown  in  Fig.  l.  The  sample-in,  sample-out 

spectrometer  wave-number  positions  are  preset  at  Intervals  by  stepping  aotors,  these  and  cha  data 
collecting  system  are  controlled  by  an  on-llna  microprocessor  tltetorola  R6a00)  or  a  CAHAC  based  PDF  U/23 
**■•'*•••'!  »  block  diagram  of  the  eonerol  system  is  shown  in  Fig.  2.  Tha  modulation  of  Che  wavelength  la 
accomplished  by  the  sinusoidal  sweeping  the  output  of  the  light  beam  across  Che  exit  silt  of  the 
aonechreoacor  by  a  vibrating  mirror;  this  aethod  of  aodulation  is  equally  good  for  any  wavalengch  and  tha 
aaolicuda  can  be  coneinue<«ly  varied  iip  to  4i/v  -  10"*.  The  system  esgiloyes  two  lock-ln  amplifiers.  As 
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Fig.  14.  Wavelength  modulation  afaeorption  spectra  of  LiF;  K  is  the 
absorption  coefCident  in  (a)  in  the  laboratory  atmosphere;  (b) 
in  a  dry  N]  atmosphere. 


the  visible  to  the  further  infrared  using  appropriate 
detectors.  For  the  Hrst  time  the  continuous  spectral 
distribution  of  exijrinsic  absorption  at  levels  of  10~^ 
cm~^  were  measured  on  KCl,  KBr,  CaF2,  LiF,  NaCl, 
NaF,  LaFa,  BaF2,  MgF2,  SrF2,  and  MgO  enabling  an 
identification  of  physisorption,  volume,  and  surface 
chemisorption  of  impurities.  The  use  of  the  infrared 
wavelength  modulat^  spectroscopy  of  this  work  can 
be  of  great  utility  in  monitoring  crystal  growth  and 
surface  preparation  for  optical  materi^  for  high-power 
laser  and  li^tguiding  sykems  requiring  extremely  low 
absorption  levels,  '^e  system  is  capable  of  detecting 
a  hundredth  of  a  monolayer  of  surface  species  on  a  single 
crystal  surface  and  so  can  play  a  role  in  catalysis 
studies. 

This  work  was  supported  in  part  by  the  U.S.  Army 
Research  Office  DAAG-29-K-0164,  the  Air  Force  Office 
of  Scientific  Resetuch  78-3665,  and  the  Califomia- 
MICRO  Program. 
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Fig.  15.  Wavelength  modulation  abaorption  spectra  of  KCh  X  is  the 
absorption  coeffident  in  cm~M  (a)  in  the  laboratory  atmosphere;  (bl 
in  a  dry  Nf  atmosphere. 
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poasibla  overlay  of  C — H  bands.  The  bands 

seen  in  BaF2  seem  to  be  absent  or  are  obscured  by  the 
strong  water  band  in  the  4->6->im  region.  The  MgF2 
dataindryN2atmoephereinFig.  12(b)  show  a  dramatic 
suppression  of  all  the  above  bands.  The  remaining 
structure  can  be  due  to  volume  or  chemisorbed  spedes: 
the  rise  in  the  neighborhood  of  2.8  and  4.8  ^m  can  be 
due  to  OH~  and  liquid  water,  respectively. 

9.  Lanthanum  Fluoride 

The  LaFa  data  in  the  laboratory  atmosphere  shown 
in  Fig.  13(a)  reveal  the  CO2  band  at  4.2  MOXf  the  possible 
carbmsates  in  the  6-8-Mm  region  and  OH~  band  near  2.8 
Mm.  However,  it  should  be  noted  that  the  bands  in  the 
3-4-Mm  region  due  to  C — H  vibrations  which  have  been 
prominent  in  BaF2,  SrFa,  MgF2,  CaFz,  and  NaF  seem 
to  be  absent  or  greatly  suppressed.  In  the  dry  N2  at* 
mospheredau  shown  in  Fig.  13(b),  the  pei^  near  2.8  mb 
poaidbly  due  to  OH~  is  ab<^  the  same  height  as  shown 
in  Fig.  13(a).  The  structure  around  12(X)  cm~^  is  due 
to  chemisorbed  sutf«»  /YintAtninArinn,  tertiary  alcohol, 
f<v  example. 


10.  Lithium  Fluoride 

The  LiF  data  in  Fig.  14  show  little  structure  indi* 
fwtiTu  that  LiF  is  the  least  surface  active  of  all  the 
substances  studied.  The  absence  of  the  4.2>Mm  band, 
which  was  visible  in  all  the  substances  studied,  should 
be  noted.  The  imly  band  which  seems  to  be  noticeable 
is  the  4.5-Mm  band  in  both  ambients,  and  this  can  be  due 
to  water. 

11.  Potassium  Chloride 

If  we  examine  the  data  of  KCl  shown  in  Fig.  15  in  the 
light  of  the  discussion  of  the  identification  of  the  bands 
seen  in  other  alkaii>halides  (KBr,  for  example),  similar 
features  can  be  discerned.  It  ia  interesting  to  note  that 
the  adsorbed  COt  band  is  maricedly  suppressed  in  KCTl 
relative  to  KBr.  The  band  around  14()b  cm~^  can  be 
due  to  the  chemisorbed  species  of  surface  carbonates. 
The  band  around  19(X)  cm~^  can  be  due  to  some  type  of 
carbonyL 

IV.  Summary 

The  infrared  wavelength  modulated  spectrometer 
system  that  we  have  developed  has  the  capabilities  of 
detecting  a  change  in  absorption  of  a  part  in  10*  out  of 
a  relatively  smooth  background  in  the  spectral  region 
from  2.5  to  12  fan.  This  sensitivity  can  be  realized  from 
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Fig.  10.  Wavelensth  modulacioa  absorption  spoctra  of  MgO;  K  is 
the  abeorptioa  coefficient  in  cm"';  (a)  in  the  laboratory  atmosphere; 
(b>  in  a  dry  Ni  atmoephese. 

perturbed  by  the  surface  field,  and  the  energy  of  inter¬ 
action  with  the  adsorbent  is  not  high.  The  ease  of  re¬ 
moval  of  CO;  on  evacuation  was  observed.^*  It  is  in¬ 
tersting  to  note  that  the  intensity  of  absorption  due  to 
CO;  can  be  reduced  by  flushing  alone  as  this  study 
shows. 

6.  Magnesium  Oxide 

The  data  for  MgO  are  shown  in  Fig.  10.  The  most 
prominent  features  seen  in  the  laboratory  ambient  are 
a  doublet  in  the  2.S-3.0-Mm  region  (water  and  OH~), 
some  trace  of  a  possible  CO;  at  4.2  nm,  a  structure  in  the 
4-6-Aim  region  (liquid  water),  and  very  slight  structure 
in  the  3-4-^m  region  (hydrocarbon).  It  is  interesting 
to  note  that,  of  the  doublet  in  the  laboratory  ambient, 
it  is  only  the  3.0-Mm  band  which  survives  dry  N;  flush¬ 
ings  with  a  noticeable  suppression  of  the  2.8-^m  band. 
In  a  previous  study*  of  MgO,  impurity  bands  were  ob¬ 
serve  between  3.8  and  2.7  Mm.  Our  study  clearly  shows 
that  the  3.0-Mm  band  is  due  to  bulk  or  chemisorbed 
OH",  while  the  2.8-Mm  band  is  due  to  physisorbed 
OH". 


WAVENUM8ER,  cm"' 

Fig.  11.  WavelenEth  moduianon  absorption  spactra  of  NaF;  K  is  the 
absorption  coaffidsnt  in  cm"';  (a)  in  the  laboratory  atmoaphera:  (b) 
in  a  dry  M;  atmosphere. 


The  region  of  intrinsic  absorption  in  MgO  shows  some 
fluted  structures  in  the  multiphonon  absorption  tail 
The  rise  "'1600  cm"^  agrees  with  the  shoulder  previ¬ 
ously  studied  in  the  multiphonon  spectra  of  MgO  and 
was  attributed  to  a  four  TO  phonon  process  by  suitably 
averaging  over  the  dispersion  curves.^ 

7.  Sodium  Fluoride 

Comparison  of  the  NaF  data  in  Fig.  11  shows  a  large 
decrease  of  the  band  heights  in  the  2.5-4.0-Mm  region, 
but  the  familiar  patterns  shown  in  BaF;,  SrF;,  and  CaF; 
are  still  apparent.  The  relationship  between  the  ad¬ 
sorbed  CO;  and  surface  carbonates  at  6.3  Mm  is  clear. 
In  both  Figs.  11(a)  and  (b)  we  can  observe  a  little  break 
"-llOO  cm"^;  this  corresponds  to  the  regime  of  three 
phonon  spectrum.^  But  it  can  as  well  be  due  to  surface 
contamination  of  chemisorbed  species  of  some  alcohol 
which  is  often  used  as  surface  polishing  reagents — ter¬ 
tiary  alcohol,  for  example. 

8.  Magnesium  Fluoride 

The  MgF;  laboratory  atmosphere  data  shown  in  Fig. 
12  reveal  a  cluster  of  buds  similar  to  those  observed  in 
BaF;.  Again  the  ubiquitous  CO;  at  4.2  Mm  is  evident. 
The  2.8-Mm  and  4-6-Mm  regions  reveal  the  liquid  water 
and  OH"  bands,  while  the  3-4-Mm  region  reveals  the 
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Carbonyl  around  S.6  Mm  appaara  to  be  chemiaorbed 
speciea.  We  note  bwe  that  a  band  at  6^  m™  in  Fig.  7(a) 
(Appears  in  (b)  completely.  This  band  must  be  due 
to  pbysisorbed  carbonates.  The  relationship  of  pbys- 
isorbed  CO]  and  carbonates  in  two  different  ambients 
clearly  indicates  the  active  participation  of  adsorbed 
CO]  in  the  formation  of  pbysisorbed  carbonates.  This 
is  particuiarly  clear  in  CaF],  even  though  we  can  aee 
relationship  in  most  of  the  samples  studied.  A  struc* 
tore  around  8  Mm  is  again  due  to  the  surface  contami¬ 
nation.  From  Fig.  7(a)  and  (b)  we  «»"  conclude  that 
these  are  chemiaorbed  spedes.  They  can  be  surface- 
polishing  chemical  agents  such  as  secondary  and  terti¬ 
ary  alcoboL 

4.  Strontium  Fluoride 

The  SzF]  sample  used  was  from  a  press-forged  RAP 
boule.  In  Fig.  8(a)  we  show  data  of  SrF]  in  the  labora¬ 
tory  atmosphere,  where  we  can  see  all  the  nmm  features 
of  BaF]  and  C^aF]:  hydrocarbon  in  the  3-4-Mm  region, 
CO]  at  4.2  Mm,  liquid  water  around  the  4.5-Mm  region, 
carbonyls  around  5.6  Mm,  and  various  carbonates  in  the 
S-T.i-um  region.  In  Fig.  8(a)  we  note  the  emergence 
of  a  structure  around  2.8  Mm.  This  can  be  due  to  0H~ 
in  bulk.  Judging  from  the  dry  N]  gas  atmosphere  data 
in  Fig.  8(b),  C— H  bonds  in  the  3—4  Mm  region  must  be 
due  to  chemisorbed  spedes.  In  Fig.  8(b)  we  again  see 
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that  the  disappearance  of  carbonate  at  6.5  Mm  can  be 
attributed  to  the  suppression  of  pbysisorbed  CO].  A 
small  structure  at  the  tail  of  the  intrinsic  region  is  due 
to  the  chemisorbed  spedes  on  the  surface  from  the 
surface  polishing  chemicals. 

5.  Sodium  Chloride 

The  NaQ  data  in  both  the  laboratory  and  dry  N] 
atmo^here.  Figs.  9(a)  and  (b),  respei^vely,  show 
prominent  structures.  Although  the  spectral  distri¬ 
bution  is  different  in  detail  in  two  different  ambients, 
we  still  can  identify  the  structures:  10-11-Mm 
OC^TH]  alcohols),  6-8-Mm  (carbonates),  3.6-Mm 
(carbonyl),  4.8-Mm  (liquid  water),  the  4.2-Mm  (CO]), 
4-Mm  (Ci — H),  and  2.8-Mm  (OH“)  bands.  TTie  promi¬ 
nence  of  the  bands  in  both  ambients  is  consistent  with 
the  greater  surface  activities  which  are  expected  for 
NaCI  as  compared  to  the  other  substances  in  this  study. 
Comparison  of  Figs.  9(a)  and  (b)  reveals  the  difference 
between  chemisorbed  spedes  and  pbysisorbed 
spedes. 

A  vibrational  frequency  of  CO]  adsorbed  on  NaCl 
shifts  only  slightly  (4-5  cm~^)  with  respect  to  the 
gas-phase  frequency.  The  molecule  is  only  weakly 
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Fig.  6.  Wavelength  modulation  afaaorption  Spectra  of  BaFi;  if  is  Ui« 
abeorption  coefficient  in  cm~‘:  (a)  in  the  laboratory  atmoaphere;  <b) 
in  a  dry  Na  atmoaphere. 

at  10.6  Mm  is  expected  to  be  2  X  10"'^  cm”S  but  our  re¬ 
sults  show  that,  even  at  this  region,  the  main  mecha¬ 
nisms  of  absorption  are  dominated  by  impurities,  that 
is,  X  ~  10”^  cm~^  therefore,  masking  intrinsic  multi- 
phonon  contribution  to  the  absorption. 

2.  Barium  Fluoride 

By  similar  analysis  with  KBr,  we  can  readily  identify 
several  main  features  of  BaF2  in  Fig.  6(a).  A  prominent 
band  at  4.2  Mm  can  be  associated  with  the  physisorption 
of  atmospheric  CO^.  The  bands  in  the  4^-Mm  region 
can  be  due  to  atmospheric  water,  while  the  bands  in  the 
3-4-Mm  region  can  be  assigned  to  an  overlap  of  hydro¬ 
carbon  bands.  Internal  reflection  spectrum  of  an  etb- 
ylene-glycol-polished  BaF2  plate  and  a  water-polished 
BaFs  plate  showed  the  abrorption  structure  at  2915 
cm~^  (3.43  Mm),  and  it  was  attributed  to  C — H 
stretching  absorption  from  residual  organic  material 
used  in  cutting  or  preparing  the  plates.  The  bands 
in  the  6-3-Mm  region  are  associated  with  carbonates. 
The  fact  that  the  bands  in  the  3-4-Mm  and  4-6-Mm  re¬ 
gions  are  largely  due  to  physisorbed  species  is  confirmed 
by  the  decrease  in  absorption  in  the  dry  N2  atmosphere 
data  shown  in  Fig.  6(b). 

The  region  between  6  and  3  Mm  in  BaF2  shows  con¬ 
siderable  structures  whose  magnitudes  vary  only 
slightly  with  dry  N2  flushings.  These  structures  can  be 
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1210  8  7  S  S  ♦  3  2.5 


Fig.  7.  Wavslength  modulation  absorption  spactn  of  CaF%  /f  ia  tba 
absorption  coofficisnt  in  an~‘:  (a)  in  tbs  laboratory  atmospbara;  (b) 
in  a  dzy  Na  atmospbstc. 


associated  with  the  chemisorbed  carbonates.  The  small 
structure  at  5.6  Mm  can  be  associated  with  chemisorbed 
carbonyl.  Pbotoacoustic  measurements  on  BaF 2  and 
SrF2  using  a  CO  laser  that  was  tunable  to  discrete  lines 
in  the  6-3-Mm  region  have  revealed  a  steplike  stiucture 
in  the  surface  adsorption,^  while  our  results  show  dis¬ 
tinct  bands.  A  structure  around  11(X)  cm~^  can  be  due 
to  surface  contaminations  of  secondary  or  tertiary  al¬ 
cohol  which  is  commonly  used  as  a  surface  polishing 
chemical  agent,  isopropyl  alcohol,  for  example. 

The  relationship  between  physisorbed  CO2  at  4.2  Mm 
and  the  formation  of  the  carbonates  on  BaF2  can 

be  seen  if  we  compare  the  data  on  BaF2  in  two  difierent 
ambients.  Namely,  higher  adsorption  of  C02  at  4.2  Mm 
gives  rise  to  the  formation  of  more  carbonates 
around  6.5  Mm. 

3.  Calcium  Fluoride 

The  CaF2  data  in  the  laboratory  ambient  are  shown 
in  Fig.  7(a).  Here  we  can  see  the  similar  distribution 
of  bands  aa exhibited  by  BaF2:  adsorbed  CO2  at  4.2  Mm, 
overlap  of  various  hydrocarbons  in  the  3-4-Mm  region, 
liquid  water  around  4.3  Mm,  carbonyls  around  5.6  Mm, 
and  carbonates  in  the  6-7.5-Mm  region.  Comparison 
of  Figs.  7(a)  and  (b)  reveals  several  features.  The  fact 
that  the  (302  band  is  suppressed  in  dry  N2  atmosphere 
confirms  the  nature  of  physisorbed  CO2  on  the  suiface. 
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ric.3.  W«v«iaii(thnioduiati(maibMtptianap«etniafKBr;JCisth* 
abMrpaaacoa£BciaiRiiian''‘;  (a)  in  tha  lafamtoty  atnxvpbv*:  (b) 
in  a  dry  Nt  aonoaphara. 

the  complex  superposition  of  the  bands,  it  was  difScult 
to  distinguish  unambiguously  which  Vwnria  would  scale 
with  a  thidmww  that  would  identify  volume  absorption. 
The  4.2-Mm  band  was  observed  with  the  same  intensity 
for  ail  thicknesses,  confirming  a  surface  origin.  The 
continuous  variation  of  the  spectral  features  with  the 
thickness  of  sample  that  remains  at  'xlO'^-cm'*^  levels 
indicates  that,  at  this  level  of  absorption,  we  have  a 
combination  of  volume  and  surface  absorption  or  there 
is  an  inhomogeneous  distribution  of  volume  impuri* 
ties. 

The  region  between  2  and  4  ^an  reveals  several 
structures,  while  previous  measurements  by  laser  cal* 
orimetry  have  indicated  a  peak  near  2.7  tan  which  has 
usually  been  associated  wi^  the  stretching  frequency 
of  the  isolated  OH"  radicals.^  However,  the  laser 
calorimetry  measurements  are  performed  with  a  mul* 
tiline  laser  at  a  few  discrete  wavelengths  and  so  can  only 
infer  a  broad  band  with  the  great  possibility  of  miairing 
peaks  or  valleys. 

In  this  study,  a  prominent  peak  is  observed  at  3850 
cm~‘,  which  is  shifred  from  the  peak  that  is  observed 
at  3610  cm~t  in  deliberately  doped  KBr.^  It  is  not 
dear  that  such  a  large  shift  could  occur  due  to  different 
crystallographic  locations  of  OH~  in  the  lattice.  The 


magnitude  and  linewidth  of  this  peak  vary  from  sample 
to  sample.  In  addition,  placing  a  sample  in  N2  gas  at¬ 
mosphere  results  in  spectral  changes  that  indicate  that 
part  of  this  band  may  be  due  to  surface  adsorption. 
However,  there  is  a  shoulder  in  this  line  near  3700  cm~^ 
that  persists  in  dry  ambient  and  can  be  associated 
with  adsorbed  H2O. 

The  region  between  3  and  4.0  nm  shows  a  superpo¬ 
sition  of  structures  that  could  be  attributed  to  various 
C — H  bonds.  The  origin  of  these  groups  can  result  from 
surface  contaminants  due  to  alcohol  that  is  used  to 
disperse  the  grinding  compounds  used  in  the  surface 
polishing  of  t^  crystals.  However,  some  of  these  bands 
may  be  due  to  volume  absorption  since  some  of  the 
spectra  scale  with  sample  thickness.  Volume  absorp¬ 
tion  due  to  C — H  bonds  can  be  due  to  carbonaceous 
fractions,  which  can  result  from  organic  materials  such 
as  water-soluble  alcohols  that  decompose  on  melting 
and  are  incorporated  in  the  crystals. 

A  unique  example  of  physical  adsorption  taking  place 
on  a  surface  of  KBr  is  seen  at  4.2  foa.  This  strong 
narrow  band  with  varying  intensity  is  observed  at  2358 
cm~^  on  all  samples  of  ISr.  This  is  close  to  the  gas- 
phase  value  of  2349  cm**^  for  the  CO^  vibration.  Since 
this  band  is  easily  suppressed  by  flushing  with  dry 
gas,  it  is  readily  iden^ed  as  due  to  a  physically  ad¬ 
sorbed  species.  When  the  sample  is  returned  to  at¬ 
mospheric  ambient,  this  band  returns.  It  was  observed 
that  the^^O;  adsorption  varies  from  sample  to  sample 
for  the  laboratory  ambient.  It  is  not  unreasonable  to 
expect  physical  adsorption  to  depend  on  surface  vari¬ 
ations  or  impurities  in  the  substrate. 

The  band  at  4.8  iim  is  most  likely  due  to  surface- 
adsorbed  liquid  water  as  the  adsorption  in  this  region 
is  markedly  reduced  in  a  dry  N;  ambient;  some  of  the 
additional  structure  in  the  region  can  be  due  to 

the  vibrational  structure  of  water  as  it  is  also  reduced 
by  dry  Nj  flushing. 

The  bands  between  5.5  and  8.0  laa  are  the  most  per¬ 
sistent  of  all  structures  seen  in  all  the  KBr  samples. 
Measurements  on  thin  samples  still  reveal  these  struc¬ 
tures,  which  lends  evidence  that  these  are  due  to  surface 
<»hi>Tniffgl  adsorption.  The  position  of  these  bands  is 
consistent  with  the  vibrational  frequencies  of  various 
surface  carbonate  complexes.^ 

It  is  interesting  to  note  that  the  data  reveal  a  peak  in 
absorption  at  10.6  Aim  and  a  valley  around  9  foa.  It  is 
posaihle  to  identify  the  10.6-Atm  pe^  as  due  to  the  C — C 
vibration.  It  is  our  interpretation  that  the  laser  calo¬ 
rimetry  data  indicate  a  possible  Ttimimnni  in  absorption 
near  the  CO;  laser  line  at  9.27  iim.^  The  wavelength 
modulation  data  definitely  establish  this  valley. 

The  absorption  between  5.5  and  3.0  Aim  seems  to  be 
due  to  surface  carbonates.  However,  the  absence  of 
absorption  at  1070  cm~^  signals  that  the  species  are  in 
the  form  of  carboxylates.  llierefore,  we  can  infer  the 
presence  of  chemisorbed  carbonates  not  only  by  the 
presence  of  absorption  in  the  5.5-8.0-Aiffi  region  but  also 
by  the  absence  of  absorption  at  9.27  Aim.  The  10.6-Aim 
OflO-cm'^)  region  corresponds  to  the  7-8-phonon  region 
for  KBr,  the  intrinsic  multiphonon  absorption  of  KBr 
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Fig.  3.  Correlation  chart  of  carbonatea.  C — H,  0 — H.  and.  water 
frequency. 

into  the  system  throughout  the  entire  run.  When  the 
sample  was  placed  in  a  dry  No  atmosphere,  a  continuous 
change  in  the  spectral  distribution  of  the  absorption  was 
observed  until  the  spectra  stabilized  after  the  sample 
had  been  in  this  gaseous  ambient  for  an  hour. 

Correlation-type  charts  have  been  published  that 
represent  a  tabulation  of  molecular-ion  vibrational 
fr^uencies  as  means  of  identifying  possible  surface  and 
volume  impurities  in  alkali-halide  laser  window  mate¬ 
rials.  If  one  considers  a  frequency  overlay  of  possible 
impurities  that  can  be  present  in  concentration  of  0.1 
ppm,  one  finds  that  a  quasi-continuous  absorption 
would  be  expected  throughout  the  2.6-12-Miit  region  due 
to  the  overlap  of  the  Lorentzian  tails  of  the  various  ab¬ 
sorption  bands.  It  has  been  felt  that  a  heterogeneous 
distribution  of  a  conglomeration  of  chemical  composi¬ 
tions  which  can  be  deposited  on  the  surface  hrom  the 
environment  would  produce  a  uniform  absorption 
throughout  the  infrared  spectral  regions.  However, 
the  distinct  absomtion  bands  observed  in  this  study 
indicate  the  posoibility  of  specifically  identifying 
dominant  absorption  centers.  Figure  3  shows  a  corre¬ 
lation  chart  of  carbonates,  C — H,  0 — H,  and  water 
frequencies  which  prove  to  be  the  common  bulk  and 
surface  impurities  encountered  in  this  study. 

B.  Discussions 

In  Table  I  we  show  the  origins  of  the  samples  used  in 
this  study. 

1.  Potassium  Bromide 

Several  different  reactive  atmosphere  process  (RAP) 
grown  samples  from  various  sources  have  been  studied. 
The  dimensions  of  the  samples  varied,  that  is,  2.5  cm  in 
diameter  and  1-7  cm  in  length.  The  absorption  spec¬ 
trum  of  a  typical  KBr  sample  obtained  with  a  conven¬ 
tional  double-beam  spectrometer  is  shown  in  Fig.  4. 
Virtually  no  absorption  structure  is  present  in  the  ex¬ 
trinsic  spectral  region  above  the  noise  level  of  the  in¬ 
strument,  confirming  the  relative  purity  of  the  sample. 
Calculated  values  of  absorption  coefficients  from  the 
exponential  behavior  of  the  multiphonon  processes  from 
Eq.  (1)  at  10.6-  and  5.3-nm  wavelength  regions  predict 
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Fig.  4.  Absorption  spectrum  of  a  typical  KBr  sample  obtained  by 
a  conventional  double-beam  instrument. 


2  X  10~^  and  8  X  10~^®  cm“S  respectively.^®  The  actual 
measurements  at  beat  show  4.2  X  10"'*  cm"^  at  10.6  nm 
and  2.1  x  10~*  cm"^  at  5.3  Mm,  respectively.^  There¬ 
fore,  in  these  spectral  regions,  the  absorptions  are 
mainly  due  to  extrinsic  origins. 

In  Fig.  5  we  show  a  typic^  result  of  our  study  of  KBr 
in  two  difierent  ambients.  In  general  for  the  spectral 
region  from  2.5  Mm  to  12  Mm,  the  samples  in  this  study 
show  a  structure  around  2.5  Mm,  multiple  structures 
between  3  and  4.0  tan,  a  sharp  peak  at  4.2  Mm,  a  band 
centered  at  4.3  Mm,  multiple  structures  between  6  and 
8  Mm,  a  valley  near  9  um,  and  a  peak  at  10.6  nm  at  the 
levels  of  absorption  coefficient  of  ~10~*  cm"'.  Since 
the  relative  magnitudes  of  these  structures  differ  in 
different  samples,  the  indications  are  that  these  bands 
have  extrinsic  origins.  Although  the  spectra  differ  in 
detail  the  clustering  of  the  spectral  lines  in  similar 
spectral  regimes  indicate  common  origins  of  the  spectra. 
I^e  magnitudes  and  linewidths  of  some  of  the  bands 
vary  when  the  samples  are  in  a  dry  No  atmosphere 
compared  with  a  laboratory  ambient,  indicating  that  a 
portion  of  the  absorption  is  due  to  surface  physical  ad¬ 
sorption.  The  structxires  that  persist  even  when  the 
samples  are  flushed  In  dry  Nj  may  be  due  to  surface 
chemisorbed  species  or  volume  impurities.  The  surface 
character  of  some  of  these  bands  was  confirmed  by 
performing  similar  measurements  on  1-mm  thick 
samples.  Absorption  coefficients  of  the  order  of  10"* 
cm"'  were  observed  on  thick  and  thin  samples  with 
slight  differences  in  the  spectral  di.«t.ribution.  Due  to 
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Derivative  spectra  of  the  optical  properties  of  B'-AuZn  have  been  obtained 
using  wavelength-nodulated  spectroscopy  between  1.5  and  S.l  eV.  Assignments 
are  made  for  interband  transition  at  the  h  point  of  the  Brillouln  zone  which 

fix  the  transition  energies  with  an  accuracy  previously  unattalned. 

* 

Es  wurden  Ableltungsspektren  der  optlschen  Elgenschaften  von  B'-AuZn 
erhalten,  indea  wellenlSngen-nodullerte  Spektroskopie  zvlschen  1.5  und 
5.1  eV  benutzt  wurde.  FUr  den  ZwlschenbandUbergang  am  tf-Punkt  der 
Brlllouln-Zone  wurden  Zuordnungen  gemacht,  welche  die  Ubergangsenergien 
mlt  elner  blsher  unerrelchten  Genaulgkelt  festlegen. 
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I.  Introduction 

g'-AuZn  is  nearly  a  perfect  prototype  of  the  ordered  alloy  of  the  CsCl 
structTire.  The  3'  phase  is  an  ordered  phase  of  two  interlocking  simple  cubic 
sublattices,  one  for  each  atonic  constituent;  the  cube  comers  of  each 
sublattice  form  the  cube  centers  for  the  other  sublattice.  The  principal 
problem  in  calculating  the  band  structure  of  this  alloy  system  is  similar  to 
that  in  other  alloys,  that  is,  the  problem  of  specification  of  the  potentials 
to  give  proper  placement  of  the  Au  drbands. 

The  best  band  structure  calculation  available  places  the  Au  d-bands  vith 
an  accuracy  of  0.5  e7  Cll.  Previous  experimental  studies  of  this  alloy  system 
C2,3]  have  not  shed  ouch  light  on  this  problem  since  they  mainly  dealt  with 
the  principal  band  edge,  which  does  not  involve  the  lower  lying  d-bands. 

This  current  study  reports  the  wavelength-modulated  spectrum  of  3’*AuZn 
for  the  first  time.  The  results  which  follow  give  specific  assignment  to  some 
of  the  transitions  involving  the  Au  d-bands.  The  spectrum  of  (l/R)(dR/dE)  has 
been  determined  between  l.S  and  S.l  eV,  and  other  optical  properties  have  been 
calculated  after  a  Kramers-Sronlg  analysis  of  the  data  was  performed. 

The  ordered  beta  phase  of  AuZn  is  stable  over  a  narrow  range  of  atomic 
composition,  bracketing  the  stoichiometric  3'Au^QZn^Q,  as  shown  in  Figure  1. 

At  room  temperature,  the  boundaries  of  the  3'  phase  are  Au^Zn^2 
Au^2  5^"47  5*  phase  boundaries  widening  with  increasing  temperatTnre 

C41.  This  phase  has  the  structure  of  CsCl(B2)  type  C51,  with  a  lattice 
constant  a  >  0.3128  nm  at  49.5  atomlc-Z  Zn  181.  It  may  also  be  noted  from 
Figure  1  that  this  system  has  no  disordered  3  phase  at  higher  temperature  as 
is  seen,  for  example,  in  the  CuZn  alloy  system  C41. 


II.  Sample  Preparation 

The  \viZn  sample  which  was  used  In  this  Investigation  was  prepared  from  0.9S98 
pure  Au  and  0.99S99  pure  Zn.  The  AuZn  mixture  was  sealed  In  a  tiibe  at  a 
pressure  of  less  than  10  mm  Hg  and  shaken  In  the  liquid  state  5000  times 
before  quenching  to  room  temperature.  The  sample  was  subsequently  annealed  at 
600*C  for  24  hours  In  order  to  homogenize  It  and  was  then  again  quenched  to 
room  temperature.  After  cutting  and  polishing,  It  was  given  another  anneal 
near  200*C  in  order  to  remove  any  cold  work  introduced  during  the  finishing 
process.  The  final  composition  of  the  sample,  as  determined  by  assay  for  Au 
content  by  the  U.  S.  Mint,  Is  3'-AUgj^  9^”48  1‘ 

III.  Experimental  Method 

Wavelength-modulated  spectroscopy  C7,81  was  used  because  of  the  unambiguoijs 
llneshapes  obtained  by  the  technique  and  the  resulting  ease  of  Interpretation 
of  these  llneshapes.  The  theory  of  wavelength-modulation  spectroscopy  is  well 
detailed  elsewhere  19,101.  The  theory  of  the  llneshapes  near  a  three- 
dimensional  critical  point  was  given  by  Batz  [11,121.  It  is  sufficient  here 
to  give  the  theoretical  llneshapes  for  the  sake  of  reference.  All  three- 
dimensional  critical  point  llneshapes  may  be  expressed  In  terms  of  a  single 
function,  F(W),  which  is  reproduced  in  Figure  2.  The  behavior  of  critical 
points  In  terms  of  F(W)  is  listed  in  Table  1.  Derivative  data  with  a  spacing 
of  0.02  eV  between  data  points  were  taken  betiwen  l.SO  and  S.IO  eV.  The  depth 
of  modulation,  dX/\,  was  about  l.S  »  10  at  the  Hg  green  line  and  varied  In  a 
manner  that  was  approximately  proportional  to  energy.  Thus,  the  resolution 
of  the  data  should  be  better  than  the  spacing  of  the  data  points. 


17.  Experloental  Results 

The  logarlthnlc  derivative  of  the  reflectivity  (Flg\ire  3)  vas  detemlned 
experlnentally  and  integrated  to  yield  the  complete  reflectivity  spectrum  from 
l.S  to  S.l  eV  (Figure  4).  The  general  shape  of  the  reflectivity  curve  In 
Figure  4  agrees  vlth  previous  results  C2,3],  but  shows  shifting  of  major 
structures  and  has  additional  fine  structure.  The  minimum  at  3.2  eV  and  the 
'»»xlTiPia  at  3.78  e7  are  at  higher  energies  than  in  the  other  work.  The  sharp 
dip  In  the  reflectivity  at  about  2  e7  accounts  for  the  color  of  the  material, 
which  could  be  described  as  a  ruddy  brass.  This  may  be  similar  to  the  yellow 
pink  described  by  Jan  and  71shnubhatla  C3J  and  the  "pale  purple"  seen  by 
duldaver  C2J. 

In  order  to  determine  the  other  optical  properties  of  AuZn,  a  Kramers* 
Kronlg  analysis  of  the  data  was  undertaken.  In  order  to  perform  the 
Integration  which  is  involved,  extrapolations  of  the  reflectivity  to  the 
Infrared  and  ultraviolet  regions  of  the  spectrum  were  necessary.  The  data  of 
Jan  and  7lshnubhatla  C3J  were  used  for  the  region  from  S.l  to  10  e7. 
Contributions  to  the  integrals  from  even  high  energies  are  small,  due  to  the 
local  nature  of  tne  integrals.  A  prliwlpal  effect  of  a  different  choice  of 
far  uv  extrapolation  is  the  addition  of  a  dc  level  to  the  optical  constants. 
Huldawer  and  (Oldman  C13J  found  that  for  S-CuZn  alloys,  the  reflectivity 
actually  Increases  between  12  and  18  e7.  Therefore,  in  order  to  provide  a 
reasonable  comparison  with  other  alloys  of  the  CsCl  structure,  a  constant 
reflectivity  was  used  for  energies  greater  than  10  e7.  In  the  infrared,  a 
Hageir^tubens  C14J  extrapolation  to  a  reflectivity  of  lOOZ  at  zero  energy  was 
used.  The  extrapolations  were  normalized  to  the  experimental  data.  These 
are  small  discontinuities  at  the  points  where  the  spectral  regions  meet. 


This  can  cause  localized  anomalous  structure  at  the  end  points  of  the  data. 

However,  due  to  the  local  nature  of  the  Kramers-KrSnlg  Integrals,  this 

structure  will  not  effect  the  general  structure  of  the  experimental  spectra. 

Figure  S  shows  the  real  and  imaginary  parts  of  the  dielectric  function, 

and  Figure  6  their  derivatives,  e'^  and  z' which  are  calculated  from 

the  results  of  the  Kramers'-Kronlg  Integral.  These  data  are  then  used  to  find 

the  Drude  parameters,  the  effective  mass,  and  relaxation  time,  by 

deconvoluti  ig  the  Drude-like  terms  and  bound  terms  as  described  elsewhere 

CIS, 16].  Figure  7  shows  the  curves  generated  from  the  derivatives  of  the 

dielectric  functions  to  separate  the  free  and  bound  electron  contributions. 

Their  Intersection  determines  the  values  of  the  Drude  parameters  C14,1S].  The 

Drude  effective  mass  was  fotmd  to  be  1.10  times  the  free  electron  mass  and  the 

“IS 

relaxation  time  was  found  to  be  2.76  *  10  second.  The  value  for  the 

effective  mass  compares  favorably  with  the  previous  value  of  1.2  C3].  The 

relaxation  time  for  AuZn  Is  not  given  elsewhere;  the  value  here  Is  about  2“3 

times  the  relaxation  time  for  CuZn  Cl3].  Figures  8  and  9  are  the  bound-* 

electron  contributions  to  the  dielectric  function,  c..  and  e_.  ,  and  their 

ID  ZD 

derlvacives,  ,  and  ,  which  are  obtained  when  the  Drude  parameters  are 
lb  Zb 

used  to  3\ibtract  the  free-electron  contributions  from  the  dielectric  function. 

Finally,  the  absorption  coefficient  Is  given  in  Figure  10.  The  general 
shape  is  the  same  as  previously  reported  C3],  but  the  maximum  Is  at  4.1  e7 
instead  of  3.2  e7.  This  also  Illustrates  the  shift  In  major  structure  noted 
in  the  discussion  of  the  reflectivity. 


-€~ 


7.  Interband  Transitions 

The  band  structiare  which  was  prevlovjsly  calculated  for  AuZn  is  given  In  Figure 
11  CIJ.  Assignment  of  interband  transitions  is  made  using  the  data  found  from 
the  derivatives  of  the  bound  parts  of  the  dielectric  function-  The  proper 
llneshape  for  each  transition  is  determined  by  first  finding  the  type  of 
critical  point  Involved  in  the  transition  from  band  theory  and  comparing  that 
with  the  Ilneshapes  of  Table  1-  Finding  that  a  transition,  determined  from 
Figure  9,  has  a  llneshape  as  expected  near  the  predicted  energy  lends 
confidence  to  interband  transition  assignments. 

A.  Fermi  Level  to  Higher  Bands 

The  band  structure  in  Figure  11  shows  that  the  onset  of  Interband 
transitions  Is  due  to  transitions  from  the  Fermi  level  to  higher  conduction 
bands  at  the  M  point,  that  is,  the  (110)  direction.  In  the  Brlllouln  zone.  The 

■*  The  band  calculation  has 

a  critical  gap  of  2.0  eV  for  IL^_  -►  llg_^,  with  an  onset  at  l.S  e7  for  this 
transition.  The  -►  Hg^  transition  has  a  critical  point  energy  of  2.S  e7  and 
an  onset  of  1.8  e7,  according  to  Figure  11.  The  experimental  data  yield  lower 
values  for  these  energies.  -►  Hg^  is  at  1.67  e7.  This  Is  probably  the 

reason  why  the  reflectivity  is  rising  at  the  low  energy  end  of  the  spect7-um. 

Hg^  is  found  to  be  at  2.28  e7,  as  given  by  the  dip  In  e'2jj  at  2.4  eV 
and  the  peak  In  at  2.2  e7.  Both  transitions  Involved  here  are  shifted  to 
a  lower  energy  by  about  0.3  e7.  This  leads  to  a  conclusion  at  the  Mg^ 
conduction  band  should  be  shifted  down  by  about  that  energy  with  respect  to  the 
FenH  level.  If  this  Is  done,  that  would  place  the  onset  of  the  second 
transition  below  the  experimental  energy  range. 


lowest  energy  transitions  are  Hg^  and 


-7- 


The  transitions  fron  the  Fermi  level  to  the  second  higher  conduction  band 
occur  in  the  intermediate  part  of  the  spectrum-  .The  band  picture  predicts  that 
the  transitions  -♦  and  Mg_  -»  will  be  at  3.3  and  3.9  eV,  respectively. 
The  experimental  data  show  these  to  be  at  3.26  and  3.86  eV.  These  assignments 
give  an  internal  consistency  to  the  results-  By  subtracting  transition 
energies,  a  value  for  the  ■*  gap  may  be  obtained.  The  low  and 
intermediate  energy  assignments  give  0.61  and  0.60  eV,  respectively,  for  this 
difference.  The  difference  between  these  two  values  is  less  than  the  resolution 
of  the  experimental  data. 


B.  Transitions  Involving  d-Bands 

There  Is  one  other  structure  in  the  lower  energy  portion  of  the  spectrum. 
This  is  due  to  transitions  from  the  upper  Au  d-*band  to  the  Fermi  level.  The 
actual,  critical  point  from  the  highest  lying  to  the  lt^_^  conduction  band 
at  the  Fermi  level  cannot  be  seen  because  the  upper  level  is  filled.  However, 
the  transition  has  an  onset  at  the  point  where  the  valence  band  crosses  the 


Fermi  level.  By  inspection  of  the  band  structTire  of  Figure  11,  it  is  apparent 


that  this  critical  point  is  of  the  (minimum)  type.  Figure  12  shows,  in 

accordance  with  Table  1,  how  the  llneshapes  for  e'  and  e'  behave  near  an  H 

12  0 

critical  point.  In  this  figure,  oi  is  the  critical  point  gap  and  u  is  the 

g  0 

point  of  the  actual  onset.  The  dotted  line  shows  how  the  transition  llneshape 


will  actually  behave.  Note  that  the  structure  in  is  quite  small  compared 
to  the  structure  which  would  be  observed  in  This  behavior  can  actually  be 

seen  in  the  experimental  spectrum  at  2.06  eV.  The  observation  of  this 


transition  Is  an  Illustration  of  the  strength  of  modulation  spectroscopy,  since 


this  observation  would  be  very  difficult  in  a  standard  reflectivity  experiment. 
The  onset  is  observed  at  2.06  eV,  compared  to  2.2  eV  as  predicted  by  the 


band  structure.  Figure  13  shows  how  sone  of  the  bands  might  be  shifted  to 
match  the  observations  made  so  far  (along  with  sone  other  shifts  which  will  be 
discussed  in  the  remainder  of  this  <ilsc\isslon) .  The  point  is  shifted  down 
in  energy  by  0.3  eV,  while  remains  the  same.  The  117-  and  llg_  partially 
filled  valence  bands  are  unchanged  with  respect  to  these  two  bands.  The 
Au  drband  is  shifted  upward  by  about  0.2  e7,  in  accordance  with  the  observed 
structure. 

If  the  modification  of  the  conduction  band  is  correct,  the  transition 
from  the  second  Au  drband  to  this  upper  band  would  be  at  4.6  e7.  A  major 
structure  is  observed  centered  at  4.6i  e7.  Since  it  follows  the  lineshape  for 
the  transition  which  is  predicted  by  the  band  picture,  this  structure  is 
assigned  to  the  llg_^(  drband)  -►  lIg_^(cond-)  transition. 

Also,  the  dg^  modification,  along  with  the  proposed  shift  in  the  d.^_^  d-band, 
brings  the  ■*  dg_^  transition  to  almost  the  same  energy  as  the  d.^_  ■*  d^^ 
transition  discussed  previously.  The  convolution  of  these  two  critical  points 
can  be  seen  in  the  additional  structure  at  about  3.4  e7. 

The  last  major  structure  in  this  experimental  spectrum  is  at  5.0  e7.  A 
possible  assignment  for  this  structure  is  the  drband  to  conduction  band 
transition  ■*  dg_^.  However,  this  would  require  breaking  the  degeneracy  of 
the  intermediate  Au  d-bands  as  suggested  by  Figure  13.  An  exact  assignment  is 
difficult  since  anomalous  structure  due  to  end  point  problems  may  have  some 
effect  on  the  apparent  optical  functions,  as  discussed  previously. 

The  only  transition  which  we  would  hope  to  see  from  the  lowest  Au  d-*band 
Is  to  the  Fermi  level.  Again,  the  actual  critical  point  is  filled,  so  all  that 
will  be  seen  is  a  small  break  in  the  spectnsi  at  the  point  where  the  drband  to 
Feral  level  transition  has  its  onset.  The  band  structure  gives  an  energy  of 
4.8  e7  for  the  onset  of  this  transition.  There  are  no  breaks  between  the 


structures  at  4.6  and  S.O  eV.  This  transition  is  assigned  to  the  small 
structure  at  4.4  eV.  This  necessitates  raising  the  lower  Au  d-band  as  shown  in 
Figure  13.  This  structure  is  right  at  the  limits  allowed  by  the  noise  level  in 
the  data,  so  this  assignment  must  be  regarded  as  tentative. 


71.  Conclusions 

The  experimental  results  which  have  been  described  are  summarized  in  Table  2. 
These  results  should  help  in  the  placement  of  the  Au  d-bands  in  the  AuZn  alloy 
system.  In  the  band  structure  of  Connolly  and  Johnson  Cl],  the  four  Au  d-bands 
had  a  total  width  of  2.8  eV  at  the  H  point,  while  using  the  results  from  our 
work,  this  same  width  is  abotit  2.S  eV.  This  should  be  a  more  accurate  result, 
since  the  placement  of  the  d-bands  in  the  prevlovis  calculation  was  ±  O.S  eV. 
These  results  should  allow  a  more  accurate  calculation  of  the  crystal  potential 


for  band  structure  calculations. 
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Captlons 

Phase  diagram  of  the  Au^_^Zn^  alloy  system.  Dashed  lines 
Indicate  boundaries  which  have  not  been  firmly  established  C4]. 
Universal  function,  F{W),  derived  by  Batz  Cll,12]  for  lineshapes  near 
critical  points  as  seen  In  wavelength  modulation  spectroscopy. 

F(W)  =  CW2+1]  C<W2+l)^'‘‘  +  where  W  is  the  reduced 

frequency  (<»i-tUg)/n.  is  the  Interband  energy  at  the  critical 

point  and  p  is  a  phenomenological  broadening  parameter. 

1/R  dS/dE  for  B'-AuZn.  This  is  the  direct  experimental  result  of 
wavelength-modulated  derivative  spectroscopy. 

Reflectivity  of  B'-AuZn.  The  reflectivity  is  determined  by 
integrating  the  results  of  Figure  3. 

Real  and  imaginary  parts  of  the  dielectric  function,  (a)  and 
<b)  CIS].  These  are  determined  by  a  Kramers-Kronlg  analysis  of 
the  reflectivity  In  Figure  4. 

Derivatives  of  the  real  and  Imaginary  parts  of  the  dielectric 
fxmctlon,  e'^  (a)  and  e'^  <b). 

Determination  of  the  Drude  parameters  of  B'”AuZn.  The  curves 
represent  two  functions,  m*(t)  <m*  =  effective  mass,  T  =  relaxation 
time),  one  for  the  real  part  and  one  for  the  imaginary  part  of  e'. 
Each  function  gives  the  value  of  a*  which  best  deconvolutes  C14,15] 
the  Drude  and  bound  parts  of  the  dielectric  fimctlon  for  a  given 
value  of  T.  The  crossing  of  these  functions  is  the  point  where  the 
same  valiies  of  a*  and  x  alnimlze  the  decorrelation  function  of  both 
amd  e'^.  This  intersection  is  the  physical  result  for  the  Drude 


parameters  C14,1S]. 


Figure  8. 

Figure  9. 


Figure  10. 
Figure  11- 
Flgure  12. 


Bound  parts  of  the  dielectric  function,  and  C1S3,  which 
result  when  the  Orude  contributions  are  subtracted  from  and 
Derivatives  with  respect  to  energy  of  the  bound  parts  of  the 
dielectric  ftmctlon,  e’^  and  2^-  With  reference  to  the  band 
structure  In  Fig.  11  obtained  from  Kef.  11,  the  following  transitions 
are  identified:  -*•  <1-S7  e7) ,  }Lj_  ■*  Il7+<EpJ  <2.06  e7) , 

l!g_  -*•  ttg^  (2.28  e7),  -*•  (3.26  e?) ,  (3.86  eV) , 

Ity^(d)  Hg^  (4.4  e7),  Hg^fd)  ■*>  Sg^  (4.61  e7) . 

Absorption  coefficient,  a,  of  8'-AuZn. 

Band  structure  of  8'-AuZn  as  calculated  by  Connolly  and  Johnson  C13. 
Llneshapes  near  an  critical  point  as  determined  from  Figure  2  and 
Table  1.  If  the  upper  band  Involved  In  the  transition  is  partially 
filled,  then  the  critical  point  itself  will  not  be  seen  in 
expenmsntal  spectrum  since  It  is  a  fllledrstate  to  fllled-state 


transition.  Transitions  will  begin  at  an  energy,  hu^,  at  which  there 
are  empty  final  states.  The  dotted  lines  In  the  figure  show  the 
expected  experimental  results  for  such  a  situation. 

Figure  13.  Adjustments  of  the  0'-A\iZn  bands  near  the  S  point  of  the  Brlllouln 

zone  to  fit  the  experimental  results.  The  solid  lines  are  reproduced 
from  Figure  11  and  the  dotted  lines  are  the  adjustments  of  the  bands 
which  are  suggested  by  the  experimentally  determined  transition 


assignments. 


Table  2.  Sumury  of  Experimental  Results 
Predicted  Experimental 


Transition 

Energy  («V) 
(Ref.  1) 

Energy  (eV) 
dE 

V  "  V 

2.0 

1.67 

■* 

2.6 

2.28 

6- 

w 

3.3 

3.26 

w 

3.9 

3.36 

1L^^(  upper  d) 

■* 

2. 2( onset) 

2.06<onset 

Hg^dUd  d)  -► 

l!g^<  cond. ) 

S.O 

4.61 

“7^  "  V 

5.0 

-  5.0 

lower  d) 

4. 3< onset) 

4. 4( onset) 

V  ^  V 

4.6 

4.6 

Orude  effective  mass  m*/m  >1.10 

-IS 

Drude  relaxation  time  x  «  2.T6  >  10  second 


VII.  Discussion 


The  results  of  this  study  indicate  that  the  effects  of  alloying  in  the  Ag^  .^Zn^ 
are  actually  fairly  small.  The  shifts  in  the  Interband  transitions  must  be  on 
the  lower  end  of  those  predicted  for  the  <x~CUq  .^Zn^  ^  system  by  Bansll  et  al. 
C22].  If  the  •*  L2.<EpJ  transition  has  been  shifted  by  >0.3  eV,  as  might  be 
expected  from  the  <x~Cu_  ,Zn.  study,  then  this  transition  should  have  an  onset 

V  .  I  V  •  w 

at  about  4.2  eV  in  pure  Ag.  This  value  is  j\:st  within  the  range  of  experimental 
values  which  have  been  quoted.  The  actual  shift  in  ^  ^2'  ^  ^ 

transition  is  about  -0.2  eV  [23,241.  Using  this  value  would  place  the  L2, 
transition  in  pure  Ag  ac  4.0  eV  which  is  about  the  middle  of  the  experimental 
values  for  this  transition. 

The  following  may  be  cited  as  the  Important  results  of  this  study: 

(i)  In  this  alloy  composition,  is  dampened  to  the  point  where  the  main 
Ag  plasma  resonance  is  eliminated. 

<2)  The  Drude  effective  mass  predicts  a  slight  flattening  of  the  bands. 

The  fact  that  the  energy  difference  -*•  L 
confirming  the  flattening  since  values  for  this  difference  for  Ag  are  reported 
to  lie  between  0.2  and  0.3  eV. 

(3)  The  fact  that  the  Drude  relaxation  time  for  this  alloy  is  approximately 
the  same  for  pure  Ag  indicates  that  this  amount  of  alloying  has  not  greatly 
affected  the  mean  free  path  of  conduction  electrons. 

(4)  The  shifts  found  in  the  interband  transitions  between  pure  Ag  and  the 

alloy  indicate  that  the  transition  usually  more  sensitive  to  perturbation  of  the 
crystal  potential  (L2,  has  a  shift  of  about  the  same  magnitude  as  the  less 

sensitive  transition  (L^  >  ^2'^'  indicates  that,  at  least  in  this  portion 

of  the  Brillouln  zone,  the  rigid-band  model  may  be  used  to  describe  the 


2,(Ep)  is  0.28  eV  is  not  any  help  in 


interband  transitions  of  this  alloy. 
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dlp  me'  would  be  expected  near  the  critical  point  for  each  of  them  C14,1S]. 

However,  the  L^,  band  Is  filled  at  the  critical. point,  so  the  actual  critical 

point  transition  structure  for  the  transition  will  not  be  seen.  A 

break  in  the  derivatives  of  e.  should  be  seen  at  the  energy  where  transitions 

0 

to  the  Fermi  level  begin  to  occtir.  The  mminun  m  at  3,38  eV  Is  the 

expected  structure  due  to  L2<  The  associated  structure  in  e',  is  the 

peak  at  3.78  e7.  This  places  the  critical  point  at  3.83  eV,  coinciding  with 
the  peak  in  the  energy  loss  function.  The  peak  In  e'  at  3.S5  eV  is  due  to 
the  onset  of  transitions  at  L2.(Ep)  Chen  conclude  that  the  L^i 

critical  point  lies  0.28  eV  below  the  Fermi  level. 


Ehrenreich  and  Phlllipp  C171  assigned  the  mean  Ag  peak  at  4.4  e7  to 
the  direct  transition  from  the  d-band  to  the  Fermi  surface  L^,  (Ep). 

Our  data  show  Chat  there  is  very  little  shift  of  the  transition  in  the 
<*-Agg  30  ^3  transition  will  produce  a  downward 

break  in  e'.  with  an  associated  break  In  e',.  at  the  same  energy,  which  Is 
Che  energy  of  the  onset  of  interband  transitions.  Such  breaks  are  seen  at 
4,37  e7  in  Figure  9.  This  places  the  ■*  L^.  critical  point  gap  at  4.09  eV 
when  the  results  from  Che  data  for  the  L^,  transition  are  used. 
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VI.  Interband  Transitions 

Once  the  Drude  effective  mass  and  relaxation  time  are  known,  they  may  be  used  to 
subtract  the  Intraband  contributions  to  the  dielectric  function  from  the  total 
experimental  function-  The  resulting  real  and  imaginary  parts  of  the  bound- 
electron  contribution  to  the  dielectric  function  are  shown  in  Figure  8.  Their 
derivatives  are  given  in  Figure  9.  It  is  these  derivatives  of  the  bound  part  of 
the  dielectric  function  which  are  used  to  assign  interband  transitions. 

It  is  interesting  to  compare  £„  of  Fig.  8  with  the  £.  results  shown  in 

%  ^ 

Fig.  9e  of  CSl.  The  earlier  work  shows  maxima  in  at  3.1  and  4.9  eV  with 

a  minimum  at  4.1  eV.  The  current  work  has  a  maximum  at  2.8  eV,  a  minimum  at 
3.6  eV,  and  maxima  at  4.0  and  4.S  eV,  which  are  resolved  here  where  they 
were  not  previously.  We  thus  see  that  the  features  found  in  this  study  are 
at  lower  energies  than  in  C51. 

The  current  literature  does  not  firmly  fix  the  exact  value  of  the  Ag 
interband  transitions  of  interest  in  this  study.  While  the  energy  gap  for  the 
L^,  ■*  transitions  ranges  from  3.8  eV  C73  to  4.1  eV  [53,  the  values  quoted 
for  the  Lg  -»  L2. (Ep)  transition  range  from  4.1  eV  [73  to  4.4  eV  [53.  Clearly, 
there  Is  enough  discrepancy  in  the  experimental  values  for  these  energies  that 
it  will  be  difficult  to  accurately  assess  the  effects  of  alloying  on  them. 

Mo  band  structure  calculation  has  been  reported  for  a-Ag^  .^n^  ^  but 
calculations  do  exist  for  «'K:Uq  .^Zn^  ^  C21,223.  In  the  work  of  Bansll,  et  al. 
[223,  predictions  are  made  for  the  shifts  in  the  interband  transitions  of 
interest  dtie  to  alloying.  The  Ljj  -►  L2,  (Ep)  transition  is  predicted  to  move 
upward  by  abotit  0.3  eV  and  the  L2.  transition  is  to  move  downward  in  energy 

by  0.1  to  0.8  eV  depending  on  the  amount  of  lattice  dilation  due  to  alloying. 

Since  both  transitions  would  be  at  saddle  points  in  the  Brlllouin  zone,  a 


V.  Free-Electron  Effects 


The  free  and  bound  parts  of  the  dielectric  function  have  been  separated  by  a 

de-^onvoIutlon  method  which  has  been  described  elsewhere  CIS, 191.  The  Orude 

effective  mass  was  found  to  be  1.23  free  electron  masses  and  the  Drude 

•14 

relaxation  time  was  found  to  be  1.87  *  10  second.  These  results  compare  well 
with  the  values  found  for  Ag.  Previous  results  for  the  effective  mass  of  silver 
are  n*/m  »  1.03  Cll  and  0.97  C201.  The  relaxation  time  In  Ag  was  found  to  be 
l.S  *  10  sec  at  3  eV  C171. 

Ue  thus  see  that  the  Orude  part  of  the  dielectric  function  predicts  some 
flattening  of  the  bands  at  the  Fermi  level.  Although  alloying  will  be  seen 
to  have  a  considerable  damping  effect  on  the  interband  properties  of  Ag,  the 
long  relaxation  time  found  here  Indicates  that  the  behavior  of  free  electrons  is 
not  significantly  changed.  Me  may  conclude  that  this  amount  of  alloying  has 
only  small  consequences  for  those  electronic  properties  described  by  the  Drude 
theory. 


IV.  Experimental  Results 

The  wavelength-modulated  logarithmic  derivative  spectrum  of  the  reflectivity, 
which  Is  the  direct  result  of  the  experiment.  Is  displayed  in  Figure  3.  This 
Is  integrated  to  give  the  reflectivity  of  the  sample,  as  shown  In  Figure  4.  In 
order  to  perform  a  Kramers-Kronlg  analysis  of  the  data  and  separate  the  real 
and  Imaginary  parts  of  the  dielectric  function,  extrapolations  over  all  energy 
must  be  done.  For  the  Infrared  region,  a  Hagen-Rubens  extrapolation  to  a 
reflectivity  of  lOOZ  at  zero  energy  was  used  CIS].  For  the  ultraviolet 
extrapolation,  modified  silver  data  C17]  were  used.  Using  this,  the  real  and 
Imaginary  parts  of  the  dielectric  function,  and  e^,  are  calculated.  These 
are  given  In  Figure  S.  The  dielectric  function  Is  then  differentiated  to  give 

and  c' ^  (Figure  6). 

The  Important  point  to  note  concerning  the  data  is  that  the  plasma  resonance 
which  dominates  the  experimental  spectrum  of  Ag  C17]  is  greatly  damped  In  this 
alloy.  In  fact,  does  not  go  through  zero  at  any  point  In  the  energy  range 
of  this  study,  so  It  can  be  said  that  the  amount  of  alloying  In  this  sample 
actxially  eliminates  the  resonance.  The  shown  In  Figure  S  Is  In  excellent 
agreement  with  that  of  previous  results  CSl.  Note  also  that  the  principal  dip 
in  the  reflectivity  Is  at  a  considerably  lower  energy  than  In  pure  Ag.  This 
occurs  between  about  3.6  and  3.8  eV  In  the  alloy,  compared  with  a  minimum  of 
about  3.8S  eV  in  p\ire  Ag.  The  energy  loss  function,  which  Is  given  In  Figure  7, 
shows  a  strongly  damped  peak  at  3.85  eV. 


III.  Experlawntal  Method 

Wavelength-nodixlated  spectroscopy  110,113  was  used  because  of  the  unambiguous 
Ilneshapes  obtained  by  this  technique  and  the  resulting  ease  of  interpretation 
of  these  Ilneshapes.  The  theory  of  vavelength-modulatlon  spectroscopy  Is  veil 
detailed  elsewhere  112,133.  The  theory  of  Ilneshapes  near  a  three-dimensional 
critical  point  was  given  by  Batz  C14,1S3.  It  is  sufficient  here  to  give  the 
theoretical  Ilneshapes  for  the  sake  of  reference.  All  three  dimensional 
critical  point  Ilneshapes  ouy  be  expressed  in  terms  of  a  single  fimctlon,  F(W), 
which  is  reproduced  in  Figure  2.  The  behavior  of  critical  points  in  terms  of 
F(^  is  listed  in  Table  1.  Derivative  data  with  a  spacing  of  0.02  e7  between 
data  points  were  taken  between  2.60  and  S.IO  e7. 


II.  Sample  Preparation 


Precisely  weighed  amoimts  of  0.9999  pure  Ag  and  0.99999  pure  Zn  were  sealed  In 
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quartz  t\ibes  at  a  pressure  of  less  than  10  mm  Hg.  They  were  melted  and 
thoroughly  mixed  by  being  shaken  In  the  liquid  states  5000  times  and  then 
quenched  to  room  temperature  In  a  water  bath  to  form  a  homogeneous  Ingot.  Thl 
Ingot  was.  In  turn,  homogenized  by  heating  to  650*C  for  24  hours  and  then 
cooling  slowly.  After  cutting  and  polishing,  the  sample  was  given  another  24 
hour  anneal,  this  time  at  22S*C,  and  then  again  slow  cooled.  This  was  to 
relieve  cold  work  acquired  In  the  polishing  process. 

Leavings  from  the  cutting  process  were  assayed  for  Ag  content  by  the  U.S. 
dint,  which  confirmed  that  the  final  composition  was  within  O.lZ  of 

^0.70^"0,30' 


I .  Introduction 


An  outstanding  feature  of  the  optical  properties  of  Ag  Is  the  sharp  onset  of 
tnterband  transitions  near  4.0  e7  In  the  near  ultraviolet,  a  feature  which  Is 
very  near  the  plasaa  resonance.  This  Interband  absorption  edge  Is  due  to  the 
overlap  of  contributions  fron  d-band  to  Fenal  level  transitions  and  Femil  level 
to  conduction  band  transitions,  both  in  the  L  (111)  direction  in  the  Brlllouln 
zone  Cl-*31.  Optical  results  tend  to  support  this  interpretation  C4-81,  although 
It  has  been  questioned  by  Christensen  191. 

Hear  the  absorption  edge,  the  optical  spectrun  of  Ag  should  be  sensitive  to 
alloying.  Since  the  transitions  which  are  involved  in  the  absorption  edge 
Involve  free  electrons  at  either  the  Initial  or  final  state,  alloying  with  Zn 
should  shift  the  Fermi  surface  enough  to  separata  the  two  transitions.  In  noble 
metals,  the  (s^llke)  level  is  more  sensitive  to  the  crystalline  potential 
than  the  L^.  (p-lUse)  or  the  (dr like)  levels  161.  (These  levels  are 
lll\istrated  In  Figure  1.)  Therefore,  perturbation  of  the  potential  by  alloying 
should  result  in  a  separation  of  the  two  transitions. 
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Figure  Captions 


Fig.  1.  Energy  bands  near  the  L  point  in  pure  Ag  CS3. 

Fig.  2-  Universal  function,  F<W),  derived  by  Batz  C14,1S]  for  llneshapes  near 

critical  points  as  seen  in  vavelength  nodulatlon  spectroscopy. 

-1/2  1/2  1/2 

F(W)  »  CV^2  C(M2i-t)  -►  ,  where  M  Is  the  reduced 

frequency  (umi  )/n.  bu  is  the  Interband  energy  at  the  critical  point 
9  8 

and  n  la  a  phenoaeno logical  broadening  paraaeter. 

Fig.  3.  Wavelength-aodulated  logarithmic  derivative  of  the  reflectivity  of 

Fig.  4.  Reflectivity  of  ofAg^  ^n^  found  by  Integrating  the  data  froa 
Fig.  3. 

Fig.  S.  Dielectric  function  of  ot-Ag^  ^n^  ^  determined  by  a  Kraaers-iCronlg 
analysis  of  the  reflectivity  data,  a)  real  part,  e^;  b>  imaginary 
part,  e^. 

Fig.  6.  Derivative  with  respect  to  energy  of  the  dielectric  fmjctlon  of 
oc-Agg  g.  a)  real  part,  e'^;  b)  imaginary  part,  e'^. 

Fig.  7.  Energy  loss  function  of  ®”Agg  .^n^  g. 

Fig.  3.  Bound  part  of  dielectric  function  ^  determined  by 

subtracting  the  Druda  contribution  froa  the  data  of  Fig.  5.  a)  real 


part,  e^;  b)  Imaginary  part, 

Fig.  9.  Derivative  with  respect  to  energy  of  the  bound  part  of  the  dielectric 
function  of  «“Agg  3-  a)  real  part,  Imaginary  part, 

e'*  .  With  reference  to  the  energy  bands  in  Fig.  1,  the  following 
transitions  are  identified:  L2,  (3. 55  e7) ,  L^,  •*  (3.83 

eV),  Lg  •►L2,(Ep)  (4.37  eV) . 


Derivative  of  Critical  Points  with  Broadening  Included  in  Terms 
of  F(W) 

F(W)  =  ,  M  =  (o^-tu  )/T\ 
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Wavelength-modulated  derivative  spectra  of  the  reflectivity  of  g'-Cu^Zn^_^  have 
been  determined  between  l.S  and  S.l  eV  for  compositions  near  the  g  Z  phase 

transition.  The  alloys  have  been  annealed  and  quenched  In  the  g'  phase  on  both 
sides  of  the  phase  transition.  Both  the  Intraband  and  interband  properties 
show  marked  changes  at  the  transition.  The  Orude  effective  mass  increases 
dramatically  for  the  g'  phase  in  the  region  where  a+g'  composition  Is  thermo¬ 
dynamically  preferred.  Indicating  flattening  of  the  bands.  Shifts  In  Interband 
properties  also  show  a  marked  change  at  the  phase  transition,  with  the 
conduction  bands  showing  a  much  greater  sensitivity  than  the  d-bands. 

Welleniangen-modullerte  Ableltungsspektren  des  Rlickstrahlvermogens  von 
g'-Cu^Zn^_^  wurden  zvlschen  l.S  und  5.1  eV  fUr  Zusammensetzungen  nahe  des 
g'  Z  a+g'  Phasenilbergangs  bestlmmt.  Die  Legierungen  wurden  In  der  g' -Phase  auf 
belden  Selten  des  PhasenUbergangs  ausgeglUht  und  abgeschreckt .  Sowohl  die 
Innerband-  als  auch  die  Zwlschenbandelgenschaften  zelgen  ausgepr^gte  Anderungen 
am  Ubergang.  Orudes  effektlve  Masse  stelgt  fllr  die  g' -Phase  In  dem  Bereich,  wo 
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IX.  Conclusions 

There  are  three  major  experimental  facts  arising  from  this  Investigation  which 
need  to  be  brought  together  to  provide  a  unified  picture  of  the  physics  of  this 
alloy  system.  They  are; 

(1)  The  effective  mass  for  intraband  transitions  has  a  sharp,  large 
increase  as  we  go  from  the  $'  field  to  the  a+j3'  field,  while  maintaining  a  g' 
structure . 

(2)  The  energy  differences  for  the  valence  band-to-conduction  band  critical 
points  first  rise  upon  going  to  lower  composition  and  then  drop  significantly 
upon  crossing  the  phase  boundary. 

(3)  The  onset  of  d-band-to-valence  band  transitions  moves  to  lower  energy 
as  the  Zn  concentration  decreases,  b\it  the  effect  is  much  less  than  in  (2). 

We  note  from  these  observations  that  there  is  a  considerable  flattening  of 
the  valence  bands  upon  crossing  the  phase  boundary.  There  Is  also  a  downward 
shifting  of  both  the  conduction  and  the  Cu  d-bands  with  respect  to  the  valence 
bands,  although  the  shift  of  the  conduction  bands  is  much  greater  than  the 
shift  of  the  d-bands.  The  explanation  of  these  results  must  form  the  basis  for 
future  band  calculations  in  this  alloy  system. 


7III.  d-Band  Transitions 

The  band  strnictTire  of  FlgT»*e  17  shows  that  the  Cu  d—bands  lie  4  to  6  eV  below 
the  Feral  surface.  There  are  several  points  in  the  Brlllouin  zone  where  d-band 
to  Feral  surface  transitions  are  possible,  with  the  energies  of  the  onsets  being 
approximately  equal.  However,  the  critical  point  structure  of  these  transitions 
will  not  be  seen  because  the  transition  at  the  actual  extremum  of  the  optical 
band  would  be  a  filled  state-to-fllled  state  transition.  For  example,  the  band 
picture  shows  that  the  transition  T^  ■*  Tg  occurs  at  about  4.1  e7.  The  critical 
point  of  this  transition  la  at 
extreme  point  will  not  be  seen. 

When  this  kind  of  transition  occurs,  the  critical  structure  Is  missing  and 
only  relatively  small  breaks  in  the  derivatives  of  are  seen.  In  addition, 
it  is  unlikely  that  these  d^band  to  Feral  surface  transitions  will  cause  large 
structures  in  the  dR/R  derivative  data,  and  this  is  confirmed  in  our 
experimental  data.  This  la  distinctly  different  from  other  reflectivity  data 
C19],  where  a  series  of  structures  are  seen  extending  from  3.7  e7  to  higher 
energies.  The  reason  for  this  discrepancy  is  not  clear. 

In  the  48Z  and  50Z  Zn  samples,  there  is  evidence  for  breaks  in  the 
derivatives,  as  discussed,  at  about  3.7  e7.  In  the  46Z  Zn  sample,  the  first 
such  break  occurs  at  3.6  e7.  These  results  are  slightly  lower  than  the  band 
structure  of  Amar  and  Johnson  C3,4I  would  indicate.  Skrlver  and  Christensen 
C3]  show  that  the  d~bands  lie  3  to  5  e7  below  the  Feral  surface,  which  would 
be  considerably  lower  than  our  results.  Thus,  the  d-band-to-Feral  surface  energy 
difference  Is  much  less  affected  by  the  crossing  of  the  phase  boundary  than  are 
the  Feral  s\irface-t»-conductlng  band  energy  differences,  in  agreement  with  C19]. 


Hg,.  The  band  Is  filled  aC  so  the 
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remaina,  but  It  has  moved  to  higher  energy,  In  agreement  with  C19].  The 
critical  point  is  at  3.36  eV  and  the  critical  point  is  at  3.60  eV. 

This  also  represents  a  slightly  greater  separation  between  the  two  conduction 
bands.  There  are  again  breaks  in  the  derivative  spectra  at  2.1,  2.2,  and  2.6  eV, 
for  this  composition,  which  have  the  same  interpretation  as  the  corresponding 
structures  seen  in  the  502  copper  sample. 


The  Cu-  -.Zn.  ^  presents  a  considerably  different  picture  of  the  interband 
transitions  as  measured  by  the  derivatives  of  amd  £2^  (Figures  ISc  and  16c). 
The  Mg,  -»  M^  critical  point  is  at  3.01  eV  and  the  Mg.  Mg  critical  point  is  at 
3.29  eV.  The  break  at  1.9  eV  is  the  onset  of  transitions  to  the  lower 


conduction  band  and  the  break  at  2.4  eV  is  due  to  transitions  to  the  upper 


condtiction  band. 

For  each  of  the  samples  in  this  investigation,  the  derivative  of  is 
dominated  by  a  large  negative  dip  which  is  due  to  the  Mg,  M^  transition.  The 
peak  due  to  the  Mg,  •♦Mg  transition  is  a  perturbation  which  is  superimposed  on 
the  major  dip.  The  critical  point  energies  are  greater  for  ^**0  48 

for  CUg  ggZng  gQ,  but  are  then  again  lower  for  the  Cu^  g^Zn^  sample.  This 
indicates  that  there  are  competing  forces  whose  interplay  determines  the 


transition  energies. 
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condxictlon  band  at  Therefore  the  transition  -»  is  a  maxliDUD  of  the 
optical  band,  an  critical  point.  This  is  not. the  case,  however,  for  the 
transition.  The  conduction  band  rises  much  faster  than  the  valence 
band  in  the  H  direction,  but  is  again  shallower  than  the  valence  band  in  the 
T  direction  of  the  Brlllouln  zone.  Therefore,  the  optical  band  has  a  saddle- 
point  tTpe  of  critical  point  for  this  transltlon. 

In  the  derivative  of  e  for  Cu^  5QZnQ  (Figure  ISa) ,  the  critical  point 

o 

structure  is  found  in  the  double  dip  structure  centered  at  about  3.1  e7.  Since 
an  H-  critical  point  has  a  positive  derivative  in  e.  at  the  critical  point, 
the  transition  is  associated  with  the  positive  peak  at  the  center  of 

the  double  structure-  The  associated  structure  in  the  derivative  of  £_ 

(Figrnre  16a)  is  the  local  dip  in  the  descending  derivative  at  3.14  e7.  The 
centnni  of  these  two  structures  Is  the  location  of  the  critical  point,  3.16  eV. 
The  asslgnnent  of  the  given  to  the  local  mlnunun  in  the  derivative  of 

e.  at  3.26  eV.  The  corresponding  structure  in  the  derivative  of  £„  is  the 
■inlaum  at  3.32  a7.  The  position  of  the  critical  point  is  thus  at  3.29  eV. 

This  Is  In  close  agreement  with  the  calculations  of  Amar  and  Johnson  E3,43, 
but  is  sonewhat  higher  In  energy  than  the  theory  of  Skrlver  and  Christensen 
C33  and  the  results  of  duldaver  and  Goldman  C191. 

The  onsets  of  these  transitions  are  associated  with  breaks  In  the 
derivatives  at  lover  energies.  There  are  breaks  In  the  derivatives  at  2.1  and 
2.2  e7  which  could  be  assigned  to  onsets  at  T,  T.  and  C.  -»  E. ,  respectively. 

9  i  4  X 

The  break  at  2.S  e7  could  then  be  assigned  to  the  onset  at  Tg  -»  T^, ,  although 
this  should  be  regarded  as  speculative. 

In  ^'*O.S2^”o.48’  onsets  of  the  transitions  have  remained  at  pretty  such 
the  same  energies,  while  the  critical  points  have  moved  to  higher  energies. 

Ifete  (In  Figures  ISb  and  16b)  that  the  double  structure  at  the  critical  points 
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71 I.  Feral  Level-to-Conduction  Band  Transitions 
Once  the  Orude  parameters  have  been  determined,  they  may  be  used  in  the 
classical  Orude  expressions  for  the  dielectric  function  to  siibtract  the 
intraband  contribution  from  the  total  experimentally  determined  dielectric 
function.  The  remaining  functions  are  the  interband  parts  of  the  dielectric 
fxmctlon.  The  real  parts  of  this,  E.  ,  are  displayed  in  Figure  13,  while  the 
imaginary  parts,  e-  ,  are  given  in  Figure  14  for  the  three  samples.  The 
derivatives  of  these  are  shown  in  Figtires  15  and  16,  respectively.  These 
results  are  now  used  to  analyze  and  assign  the  interband  transitions  in  the 
alloy  system. 

The  band  structure  of  ordered  beta-brass  as  calculated  by  Amar  and  Johnson 
C3,41  is  shown  in  Figure  17.  The  derivatives  of  interband  parts  of  the 
dielectric  function  which  have  been  measured  may  now  be  compared  to  the  band 
calculations  using  the  theory  of  Batz  CIS, 171  for  wavelength  modulation  data. 

The  onset  of  Interband  transitions  has  previously  been  identified  as  the 
Fermi  level  to  conduction  band  transitions,  ■*  and  T^  C2,41.  The 

critical  point  of  the  transition,  then,  is  It  would  be  expected  that 

,  Mg.  The  above 

band  structxire  shows  a  value  of  2.0  eV  for  the  onset  of  transition  T_  ■*  T.  and 

5  1 

2.3  eV  for  the  transition  •*  E^.  It  shows  that  the  transition  has  an 

energy  of  3.3  eV.  Therefore,  we  should  expect  to  see  a  break  in  the  derivatives 
of  the  dielectric  function  due  to  the  onset  at  about  2.0  eV  followed  by  an 
enhancement  near  2.3  e7.  This  would  then  be  followed  by  a  double  extreme  point 
structure  near  3.3  eV. 

He  can  also  determine  from  the  band  structure  the  type  of  three-dimensional 
critical  point  to  expect.  The  band  at  has  greater  curvature  than  the 


there  would  be  a  double  structure  due  to  the  transition 
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71.  Plasma  Resonance 

Before  making  Interband  assignments,  we  need  to  look  at  the  structure  which 
dominates  the  experimental  spectrum,  the  main  plasma  resonance  which  is 
responsible  for  the  main  dip  in  the  reflectivity.  The  plasma  resonance  occurs 
when  the  real  part  of  the  dielectric  function  goes  throxigh  zero.  In  the  CuZn 
system  this  happens  at  a  point  very  near  to  the  onset  of  interband  transition. 
For  the  50Z  zinc  sample,  the  plasma  resonance  is  at  2.4S  e7,  while  for  the  48Z 
and  46Z  zinc  samples  the  resonance  is  at  2.57  and  2.59  e7.  The  peak  in  the 
energy  loss  frinctlon  (Figure  12)  due  to  the  plasma  resonance  is  greatly  damped 
because  of  the  relatively  large  values  of  in  the  region.  This  is  because  of 
the  proximity  of  the  onset  of  interband  transitions  to  the  plasma  resonance. 
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V.  Intraband  Transitions 

The  Intraband  and  Interband  contributions  to  the  dielectric  function  have  been 
separated  using  a  method  of  deconvolution  which  was  previously  described  121,223. 
The  values  of  the  Orude  effective  mass  and  relaxation  time  for  each  alloy 
composition  are  given  in  Table  2. 

The  relaxation  times  are  slightly  higher  than  others  have  found  by  optical 
means  for  this  alloy  system  119,203.  However,  it  should  be  noted  that  the 
relaxation  times  calculated  from  resistivity  data  are  an  order  of  magnitude 
larger  than  those  found  by  optical  means  C193. 

The  most  striking  feature  of  the  data  In  Table  2  Is  the  change  in  effective 
mass.  The  values  of  1.20  for  SOZ  and  1.17  for  48Z  zinc  are  not  far  from  the 
value  of  1.4  reported  for  SOZ  zinc  1203.  The  effective  mass  of  1.89  free- 
electron  masses  found  for  the  46Z  zinc  sample  represents  a  significant  departure 
from  the  other  compositions.  This  means  that  there  is  a  considerable  flattening 
of  the  energy  bands  near  the  Feral  surface  when  the  3'  ■*  phase  transition 
has  been  crossed  (Figure  3)  at  the  lower  zinc  concentration. 


this  natter,  it  is  slollar  to  the  data  which  Jan  and  Vlshntibhatla  [20] 
obtained  for  CuZn.  The  reasons  for  this  will  be. discussed  in  the  later  section 
on  interband  transitions. 


IV.  Experimental  Results 

The  logarithmic  derivatives  of  this  series  of  samples,  which  are  the  direct 
experimental  results,  are  Illustrated  In  Figure  6.  These  are  Integrated  to 
yield  the  reflectivities,  shown  In  Figure  7.  In  order  to  analyze  these  results, 
the  dielectric  function  must  first  be  calculated. 

The  Kramers-Kronlg  dispersion  relation  must  be  used  to  find  the  phase  shift, 
so  that  other  optical  properties  may  be  calculated  from  the  reflectivity  and 
the  phase  shift.  To  perform  the  Integrals  Involved,  the  reflectivities  must  be 
extrapolated  over  the  entire  energy  spectrum.  On  the  Infrared  side,  a 
Hagen-Rubens  CIS I  extrapolation  is  used  to  match  the  low  energy  end  of  the 
experimental  spectrum  and  a  reflectivity  of  lOOZ  at  zero  energy.  The  data  of 
Iluldawer  and  Goldman  C19]  are  used  from  S.l  to  18  eV.  At  higher  energies,  a 
constant  reflectivity  was  used.  This  brings  us  into  consistency  with  the  other 
work  C19I,  so  results  may  be  compared.  Using  this  Information,  the  real  and 
Imaginary  parts  of  the  dielectric  function,  and  are  calculated.  These 
are  found  In  Flg\jres  8  and  9,  Their  derivatives  are  found  ntimerlcally  and  are 
displayed  In  Figures  10  and  11. 

There  are  several  points  to  note  about  the  reflectivity  data.  The  position 
of  the  main  minimum  in  the  reflectivity  moves  from  lower  to  higher  energy  as  the 
copper  concentration  decreases.  The  minima  are  at  2.48,  2.64,  and  2.68  eV  for 
SO,  48,  and  46Z  zinc,  respectively.  This  Is  In  agreement  with  the  results  of 
Ifuldawer  and  Goldman  C19].  The  depth  of  the  reflectivity  minimum  Increases  as 
the  zinc  concentration  Increases.  At  SOZ  zinc  the  minimum  reflectivity  Is 
35. 2Z,  while  at  46Z  zinc  the  minimum  Is  at  16. 9Z. 

The  final  note  Is  that  the  reflectivity  at  higher  energies  Is  essentially 
featureless  and  does  not  show  the  structTjre  which  has  been  reported  119].  In 


III.  Expcrlasntal  tfethod 

Wavelength-modulation  spectroscopy  112,133  was  used  because  of  the  unambiguous 
llneshapes  obtained  by  the  technique  and  the  resulting  ease  of  interpretation 
of  those  results.  The  theory  of  wavelength-modulation  spectroscopy  is  well 
detailed  elsewhere  C14,1S3.  The  theory  of  llneshapes  near  a  three-dimensional 
critical  point  was  given  by  Batz  CIS, 173.  It  is  srrfflclent  here  to  give  the 
theoretical  llneshapes  for  the  sake  of  reference.  All  three-dimensional 
critical  point  llneshapes  may  be  expressed  in  terms  of  a  single  function,  F(W), 
which  is  reproduced  in  Figure  S.  The  behavior  of  critical  points  in  terms  of 
F<W)  is  listed  in  Table  1.  Derivative  data  with  a  resolution  of  0.02  eV  were 
taken  between  l.SO  and  S.IO  e7. 

The  ultimate  limit  of  the  wavelength  modulation  derivative  spectrometer 

used  in  this  investigation  is  to  be  able  to  detect  a  derivative  signal  of  the 

..,5 

order  of  dS/R  -  10  It  is  Important  to  remember  that  when  the  experimental 
signal  is  actually  of  this  order,  the  slgnal-to-nolse  ratio  is  about  1.  This 
will  also  be  seen  In  the  integral  optical  functions.  Also,  when  the  derivative 
is  nearly  flat,  the  same  considerations  aay  lead  to  noise  in  the  optical 
functions.  We  aay  express  this  analytically  as  saying  that  the  error  bars  will 
be  larger  when  dR/R  is  small  or  when  d<dR/R}/dX  is  small. 

This  Is  the  source  of  the  anomalous  structure  which  will  be  seen  at  the  low 
energy  end  of  these  spectra.  This  Is  also  the  source  of  the  noise  in  the  high 
energy  regions  which  make  exact  assignment  of  d-band-to-condxictlon  band 
transitions  impossible. 
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II.  Sample  Preparation 

A  series  of  samples  was  produced  by  melting  hlgh-purlty  copper  and  zinc  in 
sealed  evacuated  quartz  tubes.  Sample  composition  was  determined  by  a  micro- 
probe  analysis.  The  three  samples  were  found  to  be  Cu^  g^Zn^  Cu^  g2ZnQ  ^g. 
and  CUjj  ggZn^  The  samples  were  cut  with  a  string  saw  and  polished,  the 
final  polish  being  with  0.3  micron  alpha  alumina  polishing  compound.  They 
were  then  annealed  for  one  hour  at  high  temperature  In  the  $  phase,  again  In 
evacuated  quartz  tT±es.  The  samples  were  quenched  to  room  temperature  and  given 
a  final  light  polish  to  remove  any  oxide  layer.  A  final  low  temperature  anneal 
at  100*C  relieved  any  residual  cold  work.  This  temperature  was  low  enough  to 
prevent  dezlnclflcatlon  or  precipitation  of  the  a  or  y  phase. 

Crystal  structures  of  the  samples  were  determined  by  x-ray  diffraction 
analysis.  Figures  4a  and  4b  show  the  scans  of  the  Cu^  g^Zn^  and  Cu^  S2^^0  48 
samples.  The  diffraction  line  at  43.3  degrees  In  each  is  due  to  $  phase 
material.  If  there  were  any  a  phase  material  present,  It  would  reveal  Itself 
by  producing  a  line  at  42.2  degrees.  Thus,  we  may  conclude  that  these  are  pure 
3  phase  samples.  Flgiire  4c  shows  the  first  scan  of  the  Cu^  50^"o  50 
showing  an  additional  line  present  at  44.7  degrees  for  this  sample.  This  Is 
due  to  a  martensitic  phase,  which  Is  a  deformation  of  the  0  phase.  This  Is 
caused  by  unrelieved  thermal  stresses  which  occur  In  the  quenching  process  Clll. 
An  additional  48-hour  low  temperatxire  anneal  was  given  to  relieve  these 
stresses.  This  prodiKed  the  results  shown  In  Figure  4d,  which  Indicate  that 
pure  3  phase  material  has  again  been  obtained. 


The  phase  dlagraa  of  the  CuZn  alloy  systea  is  given  In  Flgin-e  3  [9].  The 
3'  phase  is  an  ordered  alloy  of  the  CsCl<B2)  type.  This  phase  exists  at  lov 
tenperatiire  within  a  narrow  range  of  compositions.  At  higher  temperatTires  It 


disorders  to  the  3  phase  which  Is  a  random  alloy  with  a  body*-centered  cubic 
structure.  It  should  be  noted  that  the  3  9*  transformation  cannot  be 

suppressed  by  quenching  CIO].  At  lover  zinc  compositions  the  3'  phase  goes 
Into  an  cc*^'  phase.  Pure  3'  phase  material  may  be  quenched  from  the  3  phase 
even  In  the  composition  range  where  the  phase  Is  thermodynamically 

preferred  at  room  temperature. 

It  should  be  Instructive,  then,  to  examine  the  optical  properties,  with 
their  Implications  for  band  structure,  as  the  3*  t  phase  boundary  is 
crossed.  If  samples  are  obtained  which  have  pure  3'  composition  on  both  sides 
of  the  boundary,  the  effects  of  the  changes  In  the  crystal  potential  due  to  the 
thermodynamic  stresses  involved  when  the  crystal  Is  not  in  Its  lowest  energy 
state  nay  be  studied.  The  intent  of  this  study  Is  to  provide  experimental  data 
concerning  the  optical  properties  of  this  alloy  system  near  this  phase  boundary, 
in  order  to  stimulate  continued  theoretical  Interest  in  this  problem. 


y 

y 
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I.  Introduction 


Ordered  beta  brass  ($'-CuZn)  Is  a  traditional  prototype  binary  alloy  obeying 
the  Huae-Rothery  rules  ClI.  Its  theoretical  electronic  band  structure,  Fenni 
surface  phase  stability,  optical  and  other  properties  have  been  the  subjects  of 
extensive  study  C2-8].  The  wavelength-modulated  spectra  of  the  optical 
properties  of  a  series  of  compositions  of  this  alloy  system  have  been  studied 
in  the  hope  that  they  will  help  lead  to  a  better  determination  of  the  Cu  and  Zn 
potentials. 

The  Individual  shapes  of  conduction  and  Cu  d-bands  are,  according  to 
calculations  C2J,  largely  Independent  of  small  variations  in  crystal  potential; 
however,  the  relative  position  of  the  d-bands  and  conduction  bands  were  shown 
to  be  very  sensitive  to  the  nature  of  the  potential.  The  bands  originating 
frosi  the  d  and  lover  core  electrons  of  the  elements  depend  primarily  on  the 
natxire  of  the  potentials  within  a  radius  of  one  atomic  unit  131.  Self- 
consistent  free-atom  potentials  provide  a  reasonably  accurate  description  of 
the  fields  experienced  by  these  electrons.  It  is  the  behavior  of  the  potential 
between  1  a.u.  and  the  atomic  cell  boundary  which  Is  most  uncertain.  The 
energies  of  the  valence  electrons  are  very  sensitive  to  variations  of  the 
potential  In  this  region  and  to  changes  of  the  constant  potential  7^  between 
auffln-tln  spheres.  The  conduction  bands  can  be  shifted  relative  to  the  d-bands 
simply  by  altering  the  slopes  of  the  potentials  beyond  a  radius  of  1  a.u.  or  by 
adjusting  7^.  This  is  illustrated  in  Figure  1  for  several  possible  potentials 
chosen  for  Cu  and  Zn.  The  resulting  band  profiles  for  the  stoichiometric  alloy 
along  the  (110)  direction  In  the  cubic  Brlllouln  zone  are  shown  in  Figure  2. 

It  can  be  seen  that  the  d-bands  are  effectively  shifted  with  respect  to  the 
conduction  bands  for  various  choices  of  potentials. 


die  ' -Zusamaensetzung  thennodynaalsch  bevorzugt  ist,  draoaCisch  an,  was  ein 
Abflachen  der  Binder  anzelgt.  Terschlebimgen  in, Zwlschenbandelgenschaften 
bestdtlgen  dlese  De\itrung  und  welaen  auf  konkurrlerende  physlkallsche 
dechanlsaen  hln,  die  dlese  Verschlebungen  verursachen. 
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Figure  7. 

Figure  a. 

Figure  9. 


Captions 

Cooparlson  of  crystal  potentials  for  0'-CuZn  based  on  modification 
of  free  atom  potentials  (from  reference  3). 

Comparison  of  band  profiles  in  (FOl)  direction  resulting  from 
potentials  of  Figure  1  (from  reference  3). 

Phase  diagram  of  CuZn  alloy  system  ( from  reference  7 ) . 

X-ray  diffraction  scans  of  Cu  Zn.  samples  as  a  function  of  28, 

X  1— X 

where  8  is  the  X-ray  incident  angle,  is  evident  at  28  >  43.3  degrees, 
a  phase  would  appear  at  42.2  degrees,  a)  x  ^  o.S4,  b> ,  x  s  0.S2, 
c)  X  >  0.50  showing  martensite  line  at  44.7  degrees,  d)  pure  $  phase 
material  in  x  «  O.SQ  sample  after  low  temperature  anneal  to  eliminate 
martensite. 

Universal  function,  F(W),  derived  by  Batz  C14,151  for  llneshapes 
near  critical  points  as  seen  in  wavelength  modulation  spectroscopy. 
F(W)  ■  where  W  is  the  reduced 

frequency  (<ur<ii  )/ti.  Bui  Is  the  interband  energy  at  the  critical 

9  9 

point  and  n  l3  a  phenomenological  broadening  parameter. 

Wavelength  modulated  derivative  of  the  reflectivity  of  Cu^Zn^_^. 
a>  X  «  O.SO,  b)  X  s  0.52,  c)  x  »  0.54. 

Reflectivity  of  Cu^Zn^_^,  which  is  found  by  integrating  the  data  of 

Figure  6.  a)  x  «  0.50,  b)  x  a  0.52,  c)  x  «  0.54. 

Real  part  of  the  dielectric  function,  ,  of  Cu  Zn,  .  a)  x  »  0.50, 

l  x  1-x 

b)  X  a  0.52,  c)  X  a  0.54. 

Imaginary  part  of  the  dielectric  function,  e^,  of  Cu^Znj^_^. 
a)  X  a  O.SO,  b)  X  a  0.52,  c)  x  a  0.54. 


Figure  10.  Derivatives  with  respect  to  energy  of  e^,  e  of  Cu^Zn^_^. 


a)  X  =  O.SO,  b)  X  =  0.S2,  c)  x  =  0.54. 


Figure  11.  Derivatives  with  respect  to  energy  of  e_,  e'  ,  of  Cu  Zn.  . 

MM  X  X^X 


a)  X  s  0.50,  b)  X  a  0.52,  c)  x  =  0.54. 


Figure  12.  Energy  loss  ftmctlon  of  a)  x  =  0.50,  b)  x  =  0.52, 


Figure  13. 


Figure  14. 


Flg\ire  IS. 


Figure  IS. 


c)  X  a  0.54. 

Real  part  of  the  bound  part  of  the  dielectric  function,  e.  ,  of 

Cu^Zn^_^,  determined  by  sxjbtracting  the  Drude  contribution  from  the 

data  of  Figure  8.  a)  x  =  0.50,  b)  x  =  0.52,  c)  x  -  0.54. 

Imaginary  part  oi  the  bound  part  of  the  dielectric  function,  ,  o 

Cu^Zn^_^,  determined  by  siibtractlng  the  Drude  contrlbtitlon  from  the 

data  of  Figure  9.  a)  x  -  0.50,  b)  x  -  0.52,  c)  x  -  0.54. 

Derivative  with  respect  to  energy  of  e.  ,  e'  ,  of  Cu  Zn. 

ip  ijj  X  i-x 

a)  X  »  O.SO,  b)  x  =»  0.S2,  c)  x  »  0.S4.  With  reference  to  the  band 

structxire  in  Fig.  17  obtained  from  Refs.  (3,4),  the  following 

transitions  are  Identified  for  Cu^  jQZn^  Mg,  Mj^  (3.16  eV), 

Mg,  -  Mg  (3.29  eV),  Tg  (3.7  eV) ;  for  Cu^,  ggZn^  ^g:  Mg  M^ 

(3.36  eV).  Hg,  -►  Mg  (3.6  eF) ,  Tg  ->  Tg  (3.7  eV) ;  for  Cu^  g^Zn^ 

Mg.  M^  (3.01  eV),  Mg,  -►  Mg  (3.29  eV) ,  Tg  -*  Tg  (3.6  eV) . 

Derivative  with  respect  to  energy  of  G_  ,  e'  ,  of  Cu  Zn. 

S  T>  X  i-x 

a)  X  3  O.SO,  b)  X  3  0.S2,  c)  x  3  0.54. 


Figure  17.  Band  structure  of  3'-CuZn  calculated  by  Ainar  and  Johnson  [3,41. 
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Table  1.  Derivative  of  Critical  Points  with  Broadening  Included  in  Terns 
of  F(W) 

F(W)  »  f  M]^''^/(W2+1)^‘^^  ,  M  *  (io-ta  )/ti 

s 

cneicu  PotK  ^  ^ 

M  F(-«>  F(W) 

0 

-F(W)  F(-«) 


HF(-«) 


•F(W) 
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Table  2.  Drude  Optical  Paraaeters 


Cooiposltlon 
(ZCu)  (ZZn) 

Effective  Haas  to 
Free-Electron  dass 

Relaxation  Tlae 
(10"i3  second) 

a* /a 

o 

S4 

46 

1.89 

2.64 

52 

48 

1.17 

2.13 

SO 

so 

1.20 

3.69 

3.6 

ENERGY  (EV) 
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heat  treatment,  and  therefore  is  considered  to  belong  to  a  multilevel  defect 
complex . 

The  spectrum  between  0.6  and  1.45  eV  was  identified  as  being  due  to  a  native 
defect  commonly  referred  to  as  Utilizing  the  unusual  photo-quenching 

behavior^s  of  this  level  ue  were  able  to  re-examine  the  accuracy  of  the 
convertionai  room  temperature  optical  absorption,  commonly  used  in  measuring  the 
EL2  concentration,  and  showed  that  these  methods  typically  can  have  up  to  207. 
error. 


II.  EXPERIMENTAL  TECHNIQUES 

Our  previously  reported  wavelength  modulated  spectrometer^i  has  been 
modified  <for  the  low  temperature  operation)  by  adding  to  it  a  low  temperature 
optical  dewar  essential  to  this  work.  We  have  also  improved  the  stability, 
reproducibility  and  control  of  the  modulating  system,  as  well  as  the  signal 
processing.  The  schematic  diagram  of  the  system  is  shown  in  Fig.  1. 

A  liquid  transfer  refrigerator,  with  an  optical  window  shroud  and  a  sample 
holder  suitable  for  the  sample-in-sample  out  technique,  and  a  digital 
temperature  Indicator/controller,  were  used  for  the  low  temperture  operation. 

A  tungsten/halogen  light  source,  and  quartz  windows  were  used  for  the  spectral 
range  of  O.SS  -  1.50  eV.  For  the  0.3  -  0.55  eV  region,  a  Globar  light  source 
and  Potassium  Chloride  windows  were  used.  The  detector  throughout  the  spectral 
region  was  a  Golay  cell. 

The  modulation  of  the  wavelength  was  accomplished  by  sinusoidal  oscillation 
of  a  diagonal  mirror  located  near  the  exit  slit  of  the  monochromator,  and 
mounted  on  the  shaft  of  an  optical  scanner.  The  Internal  oscillator  of  a  lock- 
in  amplifier  was  used  to  drive  the  scanner  through  a  current  amplifier  driver 
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Mavelength  inodiJlation  absorption  spectroscopy,  in  contrast  allows  one  to 
obtain  the  derivative  spectrum  by  maduiating  the  wavelength  of  the  probing  light 
beam,  and  thus  has  a  straightforward  relationship  to  the  conventional  absorption 
measurements  with  improved  sensitivity,  The  difficulty  In  this  case  is  the 
presence  of  spurious  structtires  in  the  spectrum  due  to  background  derivative 
spectra,  which  poses  a  serious  problem  expecially  in  the  infrared  region  of 
spectra.  This  problem  has  been  overcome  by  using  a  sample  in-sample  out 
technique  and  an  on-line  computer  for  collecting  data  and  numerically 
decorrelating  the  spectra  from  the  background. 

Undoped  seml-lnsultaing  (SI)  GaAs  substrates,  grown  by  liquid  encapsulated 
Czochralski  (LEO  are  currently  being  used  for  the  fabrication  of  high  speed 
GaAs  BESFET  and  integrated  circuits  (IC's).32  Deep  levels  play  a  crucial  role 
in  controlling  the  carrier  concentration  and  hence  the  resistivity  of  the 
substrates.  Therefore  ouch  attention  has  been  focussed  on  detection  and 
characterization  of  the  deep  levels  in  this  technologically  important  material. 

A  detailed  study  of  the  derivative  absorption  of  GaAs:  has  been 

reported.  In  the  present  study,  we  have  employed  a  modified  wavelength 
modulation  absorption  spectrometer  to  study  the  deep  levels  in  the  seml- 
insulating  GaAs  (LEC).  The  spectrometer  was  used  in  the  spectral  region  of  0.3- 
1.4S  eV  and  the  temperature  range  of  80-300K,  to  study  deep  level  impurities  and 
defects  in  undoped  semi-insulating  GaAs  (LEC) .  The  measurements  revealed  two 
resonant  type  peaks  with  fine  structures  near  0.37  and  0.40  e7,  as  well  as 
thresholds  and  plateaus  at  higher  energies.  The  sensitivity  of  our  measurements 

allows  us  to  give  credence  to  changes  in  the  absorption  coefficient  at  levels 

-3  -i 

-10  cm  .  The  absorption  band  at  0.37  eV  is  interpreted  as  being  due  to  the 
intra-center  transition  between  levels  of  accidental  iron  impurity,  split  by  the 
crystal  field.  The  absorption  band  near  0.40  e7,  annealed  out  as  a  result  of 


betveen  different  possible  radiative  and  nonradlatve  mechanisms. 

Extrlnislc  optical  absorption  spectroscopy  has  been  amongst  the  most  favored 

techniques  of  studying  impurity  and  defect  levels  at  high  level  of 

concentrations. 23“23  These  measurements  are  done  on  bulk  materials  and 

therefore  are  free  from  high  electric  fields  and  process  related  impurity  or 

defects.  The  absorption  coefficient  along  with  its  spectral  and  temperature 

dependence  can  give  information  about  the  photoionization  energy,  excited 

states,  temperature  dependence  of  the  level,  electron-phonon  coupling,  and  the 

symmetry  of  the  localized  wavefunctlon  as  well  as  their  concentration.^  However 

conventional  optical  absorption  techniques  usually  suffer  from  poor  sensitivity 

12  16  3 

at  low  levels  of  concentration  of  the  order  of  10  -  10  cm  usually 

encountered  for  deep  levels.  Consequently  considerations  have  been  given  to 
optical  derivative  spectroscopies  which  can  measure  absorption  coefficients  at 
levels  of  10  ^  to  10  ^  cm  ^.26 

Several  modulation  schemes  have  been  developed  in  optical  derivative 
spectroscopy.  Electro-modulation,  pelzo-modulation,  thermo-modulation  and 
wavelength  modulation  are  examples  of  this  technique  depending  on  whether  the 
modulating  parameter  is  the  applied  electric  field,  strain,  temperature  or  the 
wavelength  of  the  probing  light  beam. 2"^ » 28  However,  these  techniques  have 
primarily  been  used  to  study  the  intrinsic  optical  properties  of  materials. 

The  techniques  of  extrinsic  electro-absorption  has  been  used  in  some  cases 
to  study  deep  levels  in  semiconductors. 29  They  have  not,  however,  been 
extensively  employed,  since  they  require  high  resisltivlty  material  in  order 
that  sufficiently  high  electric  fields  can  be  applied  to  obtain  adequate 
modulation.  In  addition,  the  present  knowledge  of  the  effect  of  electric  fields 
on  the  properties  of  deep  levels  is  not  sufficient  for  a  complete  interpretation 
of  the  experimental  results. 
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I.  IHTRODUCTION 

Deep  levels  in  semiconductors  continue  to  be  the  subject  of  considerable 

theoretical  1-"®  and  experimental research  as  o.ur  understanding  of  these 

levels  is  far  from  complete.  The  presence  of  deep  levels  in  semiconductors  at 

IS  3 

concentrations  of  10  /cm  or  even  less,  can  significantly  affect  the  carrier 
lifetime,  mobility,  and  the  rate  of  radiative  transitions,  and  thus  performance 
of  microelectronics  and  opto-electronlcs  devices  made  from  these  materials.® 

The  fascinating  features  of  the  physics  of  deep  levels,  coupled  with  great 
technological  interest  in  this  field  has  intensified  searches  for  sensitive 
experimental  techniques  for  their  detection  and  characterization  at  these  low 
levels  of  concentrations. 

The  various  space  charge  spectroscopy  techniques  (such  as  TSC,  DLTS  and 
DL0S)®‘"ii>  developed  in  recent  years  are  commonly  employed  electrical 
measurements  to  detect  deep  levels.  With  very  good  sensitivities,  they  can 
provide  thermal  activation  energy,  carrier  capture  cross  section  and 
concentration  of  deep  levels  (and  optical  cross  section  in  some  cases).  The 
main  drawback  of  these  techniques,  however,  is  that  measurements  are  carried  out 

4 

in  space  charge  regions,  l.e.,  In  the  presence  of  high  electric  fields  (-10  - 

S 

10  7/cm) ,  the  effect  of  which  on  the  emission  rate  is  not  thoroughly 

understood.^’ 17” 17  Furthermore,  since  these  measurements  require  fabrication  of 
p-n  Junctions  or  Schottky  barriers  or  ohmic  contacts  which  could  result  in  the 
introduction  of  process  related  impurities  and  or  defects  into  the  sample.  In 
addition,  the  above  techniques  employing  essentially  thermal  processes  usually 
do  not  yield  excited  states  of  levels.  Photoluminescence  type  experiments, 
although  very  sensitive  for  shallow  levels,  *“72  have  limited  sensitivity  in  the 
case  of  deep  levels  due  to  appreciable  phonon  coupling  resulting  in  competition 
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Infrared  wavelength  modulation  absorption  spectroscopy  was  used  in  the 

specral  region  of  0.3-1.4S  eV  and  the  temperature  range  of  80-300K,  to  study 

deep  level  impurities  and  defects  in  undoped  semi-insulating  GaAs  grown  by  the 

liquid  encapsulated  Czochralski  technique  (LEO.  The  measurements  revealed  two 

resonant  type  peaks  with  fine  structure  near  0.37  and  0.40  eV,  as  well  as 

thresholds  and  plateaus  at  higher  energies.  The  sensitivity  of  the  measurements 

allows  us  to  give  credence  to  changes  in  the  absorption  coefficient  at  levels 
-3  -1 

-10  cm  .  The  absorption  band  at  0.37  eV  is  Interpreted  as  being  due  to  the 
intra-center  transition  between  levels  of  accidental  iron  impurity,  split  by  the 
crystal  field.  The  absorption  band  near  0.40  eV,  can  be  annealed  out  by  heat 
treatment,  and  is  considered  to  belong  to  a  multilevel  defect  complex. 

Utilizing  the  photo-quenching  behavior  of  the  absorption  in  the  spectral  region 
of  0.6-1. 4  eV,  It  was  shown  that  conventional  room  temperature  optical 
absorption  may  give  erroneous  results  in  measuring  the  concentration  of  the  EL2 
levels,  because  of  appreciable  absorption  due  to  other  residual  deep  levels  in 
this  spectral  region,  as  revealed  by  the  sensitivity  of  the  wavelength 
modulation  technique. 
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circuit.  The  new  modulation  system  has  several  advantages  over  the  one 
previously  employed.  It  is  frequency  tunable  (1-100  Hz),  has  high  amplitude  and 
frequency  stability,  and  allow  large  wavelength  excursions.  With  the  new 
system  the  amplitude  of  modulation  can  be  controlled  from  0.2  to  ISO  A 
precision.  There  was  no  wabbling,  and  no  crosstalk  with  other  mechanically 
vibrating  components.  These  features  were  desirable  for  reducing  noise  and 
drift,  as  well  as  optimizing  the  modulation  frequency  compatible  with  the 
detector  response,  and  consistent  with  the  chopper  frequency  to  avoid  harmonic 
or  sub-harmonic  pick-up.  It  can  also  be  used  to  conveniently  anu  very  precisely 
calibrate  the  spectral  slit  width,  the  depth  of  modulation,  and  to  select  these 
quantities  for  optimum  resolution,  signal-to-noise  ratio,  and  minimum  distortion 
in  the  derivative  signal,  for  a  given  spectral  region.  A  X  offset  feature  of 
this  scanner  also  allows  one  to  set  the  monochromator  calibration  electrically 
rather  than  mechanically.  Data  was  taken  at  discrete  energies  with  a  resolution 
sec  by  the  slit  width  and  depth  of  modulation  which  for  this  work  was  0.00''''5  - 
0.0015  eV. 

An  on-line  computer  steps  the  sample,  in  and  out  of  the  light  beam,  as  well 
as  steps  the  wavelength,  and  collects  data  from  the  output  of  lock-in  amplifiers 
at  controllable  rates  for  additional  signal  averaging.  These  operations  are 
conveniently  done  using  a  ^SI-11/23  computer  and  its  peripherals  in  the  form  of 
a  CAHAC  system.  The  data  taking  cycle  is  shown  In  Fig.  2.  The  method  of  data 
analaysls  is  similar  to  Chat  previously  employed. The  wavelength  modulation 
technique  yields  essentallly  the  energy  derivative  of  Che  absorption 
coefficient.  To  obtain  the  value  of  the  absorption  coefficient,  one  numerically 
integrates  the  observed  derivative  spectra,  and  normalizes  it  to  the  absorption 
coefficient  obtained  by  a  direct  loss  measurement  in  the  same  apparatus  at  fixed 
wavelengths  where  the  absorption  coefficient  can  be  measured  with  good 


precision. 


The  undoped  aemi-insulating  GaAs  samples  used  in  this  work  were  cut  from 

five  different  ingots,  all  grown  in  pyrolitic  boron  nitride  (PBN)  crucibles,  by 

the  liquid  encapsulated  Czochralski  technique  (LEO,  with  B2O2  as  the 

7 

encapsulant.  They  had  resistivities  greater  than  10  £l-cm,  and  Hall  mobilities 
2 

of  4S70-6319  cm  /V  sec.  They  were  typically  3  mm  thick  and  the  surface  were 
polished  with  Br-methanol.  The  samples  were  grown  by  the  '’.ghes  Research 
Laboratory,  Malibu. 


III.  RESULTS 

Figtire  3  shows  the  absorption  spectra  of  an  undoped  SI  GaAs  (LEO  at  300  K. 

The  threshold  near  1.4  eV  is  the  onset  of  the  interband  transition,  while  the 

spectra  between  0.7  and  1.4  eV  is  the  characteristic  absorption  of  a  deep  level 

due  to  a  presumably  native  defect  complex,  commonly  referred  to  as  the  EL2 

level. 33  The  small  structures  between  0.3  and  O.S  eV,  and  the  threshold  at  0.5 

eV  should  be  noted.  In  conventional  absorption  spectroscopy  these  small 

variations  would  be  buried  in  the  systems  noise,  whereas  with  our  technique 
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variations  as  small  as  10  cm  have  significance.  As  the  temperature  is 
reduced  to  160  K,  we  note  the  sharpening  of  the  thresholds,  and  emergence  of 
distinct  resonance  type  structures,  shown  in  Fig.  4.  The  structures  below  0.52 
eV  are  shown  in  Fig.  5  on  a  vastly  expanded  scale  possible  by  the  precision  of 
our  measurement.  Upon  lowering  the  temperature  to  80  K  the  structures  sharpen 
further,  and  some  finer  ones  appear  as  seen  in  Fig.  6.  Mote  should  be  taken  of 
the  sharp  structure  at  0.36  "  0.38  eV,  a  broad  peak  at  0.4  eV  with  side  lobes, 
and  the  threshold  near  0.5  eV.  Figures  7-10  show  the  observed  structures  in 
the  sane  spectral  region  and  temperature  for  other  undoped  LEG  GaAs  samples. 


It  should  be  noted  that  the  general  shape  of  the  resonant  structure  at  0.36- 
0.38  remains  unchanged  as  its  intensity  varies  from  Figs.  6-9.  In  contrast  the 
broad  peak  at  0.4  eV  changes  its  intensity  as  well  as  the  details  of  its  shape. 
Mo  distinct  pattern  was  observed  in  the  structures  at  0.43-0.47  eV.  Fig.  11 
shows  the  spectra  of  the  sample  11039  after  the  samrl.:  had  been  annealed  in  a 
atmosphere  at  4S0*^C  for  four  hours-  The  difference  between  this  and  Fig.  6 
should  be  noted.  The  peak  at  0.4  eV  has  been  annealed  out  as  a  result  of  heat 
treatment . 

When  the  temperature  was  lowered  to  below  140  K,  and  the  sample  was 
illuminated  with  a  SO  W  tungsten  halogen  lamp,  the  structures  between  0.7  and 
1,3  eV  quenched  (see  Fig.  12)  and  remained  in  the  quenched  state  for  several 
hours  even  after  the  background  illumination  had  been  turned  off.  The 
magnitude  and  the  details  of  the  shape  of  the  post-quenched  spectra  varied 
from  sample  to  sample.  Its  magnitude  at  1.2  eV  was  10-20Z  of  the  total  room 
temperature  absorption  coefficient  at  the  same  energy. 


17.  DISCUSSION 

The  above  results  are  discussed  in  the  folloirtng  subsections.  In  section  A 
the  resonant  spectra  at  0.37  is  dlscusseo.  and  attributed  to  accidental  iron 
impurities.  Section  B  is  devoted  to  the  comparison  of  the  spectra  at  0.4  eV 
among  the  various  samples,  as  well  as  its  behavior  under  heat  treatment,  and  is 
considered  to  be  the  signature  of  a  multi-level  defect  complex.  The  results  of 
our  observation  in  the  spectral  range  of  0.7-1. 4  e7  are  discussed  in  Sec.  C. 

A.  Iron  in  Undoped  SaAs 

In  the  spectra  below  O.SS  e7,  the  sharp  peak  at  0.37  e7  can  be  attributed 
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to  the  presence  of  iron  in  these  materials;  a  similar  absorption  peak  has  been 
reported  in  GaAs  substrates  intentionally  doped  with  iron-.  2S  Sharp  zero-phonon 
photo  luminescence  lines  near  0.37  eV  has  also  been  seen  in  iron  doped  GaAs 


materials. 26  Similar  sturctures  in  absorption  and  photoluminescence  have  also 

been  observed  for  iron  in  other  III-V  compounds  as  well. 23. 36  Paramagnetic 

resonance  experiments  have  shown  that  iron  is  Incorporated  sxjbstitutionally  in 

the  Ga  sublattice,  and  acts  as  a  deep  acceptor. 2"?  At  the  Ga  site,  Fe  loses 

3+  S 

three  electrons  to  the  bonds,  becoming  Fe  in  a  3d  configuration,  and  when  an 

2+  6 

electron  is  trapped,  a  Fe  in  a  3d  configuration  is  created. 

2+  6 

The  energy  levels  of  Fe  in  3d  configuration  derived  on  the  basis  of  the 

crystal  field  theory  and  up  to  second  order  term  in  the  spin-orbit  correction 

have  been  reported  in  the  literature. 28  At  a  site  of  tetrahedral  symmetry 

S  2+  6 

(T^),  the  lowest  free  ion  term,  D,  of  Fe  <3d  ),  is  split  by  the  crystal 

S  5 

field  into  a  ground  state  doublet  E  and  excited  state.  Allowance  for  the 

5 

spin-orbit  coupling  lifts  the  degeneracy  of  the  T2  level  and  in  the  second 

5 

order  approximation  it  lifts  also  the  degeneracy  of  the  E  levels,  as  shown  in 
Fig.  13.  The  absorption  and  luminescence  peaks  mentioned  above  are  due  to  the 
internal  transitions  between  ^E  and  ^2  nultlplets. 

The  central  peak  at  0.37  e7  in  Figs.  5-9  can  be  attributed  to  the  zero 

5  5 

phonon  transition  from  the  lowest  E  multlplet  to  the  lowest  level  of  T2 

multiplet.  The  structure  appearing  as  a  weak  shoulder  on  the  low  energy  side 

of  the  line  and  about  less  than  2  meV  away  from  the  main  peak  can  also  be 

S 

attributed  to  a  zero-phonon  transition  from  the  second  lowest  level  of  E  to 

5 

lowest  level  of  T2.  This  transition  has  been  reported  as  well  resolved  into  a 
separate  peak  when  the  measurement  is  done  at  about  liquid  Helium 
temperature. 23  From  the  position  of  the  main  two  zero-phonon  lines,  and  Fig. 
13,  we  obtain  a  value  of  A  -  3000  cm  ^  for  the  crystal  field  energy,  in 
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agreement  with  the  reported  values  of  d  In  the  III-V  compounds . The  other 
side  structures  are  harder  to  Interpret  partly  because  it  is  difficult  to 
distinguish  between  vlbronic  and  electronic  Levels.  As  for  the  Jahn-Teller 

S 

distorlon.  Its  effect  on  the  Z  states  is  not  pronounced  but  it  alters  the 

S 

splitting  of  7^  levels. 39  Such  changes  would  be  observable  in  transitions 

S 

involving  higher  energy  levels  of  T2.  Unfortunately,  these  transitions  cannot 
be  seen  in  our  data,  because  they  have  much  smaller  oscillator  strengths23* 39 
and  therefore  are  burled  under  the  structures  due  to  other  residual  imparities 
or  defects. 

A  detailed  analysis  of  iron  levels  is  not  the  main  concern  of  this  work. 

For  Chat,  one  would  have  to  study  these  levels  in  s\abstrates  doped  with  iron  at 

concentrations  much  above  that  of  the  residual  impurities  and  defects.  Our  aim 

in  this  work  was  rather  to  make  a  broad  survey  of  deep  levels  in  the  undoped  SI 

GaAs  stibstraCes.  To  our  knowledge  this  is  the  first  observation  of  the 

distinct  iron  signature  in  the  bulk  of-as-grown  undoped  SI  GaAs  by  optical 

absorption  or  emission  techniques.  Estimating  the  value  of  the  oscillator 

Z*  15  “3 

strength,  the  lowest  detected  concentration  of  Fe  was  S^IO  cm  in  our 
2+ 

work.  Although  Fe  in  GaAs  does  have  a  distinct  photo luminescence  signature 

at  0.37  eV,  to  our  knowledge  no  such  emission  band  has  been  reported  in  the 

undoped-as-grown  materials.  Emission  lines,  however,  do  appear  after  the 

substrates  are  heated  to  about  700^0  because  of  accumulation  of  iron  in  the 

17  18  *3 

near  surface  region  at  concentrations  of  10  to  10  cm  .'‘O  Therefore  it  is 

is  -3 

significant  that  we  have  been  able  to  detect  Fe  at  levels  of  10  cm  It 
should  also  be  noted  that  in  the  absence  of  absorption  bands  due  to  other 
residual  deep  levels  -  interfering  with  the  iron  absorption  spectra  -  the 
sensitivity  of  our  present  measurement  would  allow  detection  of  iron  at  an 
order  of  magnitude  below  the  above  concentration  level. 


The  threshold  near  O.S  eV  whose  Intensity  scales  with  the  Intra-center 

transition  at  0.37  eV  can  be  identified  with  a  transition  from  the  valence  band 

2+ 

to  the  lower  multiplet  of  Fe  .  This  is  further  substantiated  by  the  fact  that 

the  position  of  this  threshold  moves  with  a  temperature  coefficient  of  - 
-4 

(S.0±O.S)«10  eV/K,  which  is  similar  to  the  temperature  coefficient  of  the 

GaAs  band  gap;  a  similar  observation  has  been  made  from  Hall  measurements.^^ 

A  deep  acceptor  level  at  aobuc  O.S  eV  from  the  valence  band,  due  to  iron 

impurity  has  also  been  reported  by  several  investigators. ^2, 43 

One  might  also  expect  to  observe  thresholds  at  higher  energies  due  to  the 

2+ 

photoionization  of  electrons  from  Fe  levels  to  the  conduction  band.  Figs.  3 

and  4  show  absorption  thresholds  in  the  range  of  0.7  to  1.4  eV.  However,  in 

Sec.  C  it  will  be  shown  that  these  thresholds  bear  no  relation  to  the  presence 

of  iron.  They  are  rather  attributed  to  another  level  commonly  referred  to  as 

EL2,33  which  is  believed  to  originate  from  a  native  defect  sample.  The 

absorption  spectra  due  to  EL2  can  be  quenched  out  at  80  K  if  the  sample  is 

illuminated  by  band  gap  light  (see  Sec.  C).  The  remaining  spectra  shown  in 

Fig.  12  does  not  contain  any  strong  photolonlzatlon  threshold.  We  therefore 

conclude  that  the  magnitude  of  the  photolonlzatlon  cross  section  for  electronic 

2+ 

transition  from  the  Fe  levels  to  the  conduction  band  is  very  small.  It  can 
be  argued  that  since  the  site  symmetry  of  iron  is  tetrahedral,  transitions  from 
d-orbltals  to  conduction  band  s-llke  orbitals  may  be  strongly  prohibited  by  the 
selection  rules. 

B.  Multilevel  Defect  Complex 

Another  dominant  absorption  band  common  to  all  the  substrates  we  studied  is 

the  resonant  spectra  whose  peak  is  near  0.4  eV,  with  a  peak  absorption 

-1 

coefficient  typically  below  0.4  cm  ,  a  half  width  of  about  30  meV,  and  usually 
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with  two  sides  lobes.  Being  a  peak  rather  than  a  threshold  it  can  be 
interpreted  as  being  due  to  an  electronic  transition  between  levels  associated 
with  the  same  center.  The  peak  aiagnitude,  and  the  detail  shape  of  this 
structure  as  well  as  its  sidebands  varied  from  sample  to  sample  as  seen  from 
Fig.  S  to  10,  indicating  that  it  is  not  associated  with  a  simple  multilevel 
impurity.  It  is  more  likely  that  this  structure  is  due  to  a  complex  defect 
formed  during  the  crystal  growth  or  in  the  cooling  period  following  the  growth; 
whose  exact  structure  is  sensitively  dependent  upon  the  thermal  history  of  the 
sample.  To  explore  the  possible  origin  of  this  level,  sample  tl039  was  cleaned, 
etched  and  annealed  in  a  nitrogen  atmosphere  for  four  hours,  at  a  temperature 
of  4S0  C.  In  contrast  to  the  spectra  of  M039  shown  in  Fig.  S,  the  post- 
annealed  spectra,  shown  in  Fig.  11,  indicated  that  the  spectra  at  0.4  eV  has 
been  annealed  out.  We  thus  conclude  that  1)  the  structxjre  is  a  defect  or 
defect  complex;  il)  this  defect  introduces  two  main  levels  into  the  gap  separated 
by  0.4  eV;  iii)  these  levels  may  split  into  more  levels  depending  on  the  exact 
nature  of  the  defect's  immediate  surrounding  or  additional  complexlng.  These 
additional  complexes  could  vary  from  sample  to  sample  if  they  do  not  have 
identical  thermal  history.  This  would  account  for  variations  of  the  fine 
structures  of  the  spectra  among  the  samples.  To  our  knowledge  this  is  the 
first  observation  of  this  multilevel  defect  in  SI  LEC  GaAs  by  optical 
techniques.  A  possibly  related  level  has  been  observed  by  the  photo- induced- 
transient  spectroscopy  (P.I.T.S.)  in  these  samples.'^  However,  an  exact 
correlation  between  the  levels  observed  by  the  wavelength  modulation  absorption 
and  the  level  detected  by  P.I.T.S.  must  take  into  account  the  fact  that  the 
latter  essentially  yields  information  on  the  thermal  emission  from  the  level  to 
the  band,  where  as  the  former  gives  information  about  the  intra-center 


transitions. 
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C.  The  EL2  in  SI  GaAs 

The  absorption  spectra  in  the  0.6-1. 4  eV  shown  in  Figs.  3  and  4,  are  due  to 
a  deep  level  known  as  the  EL2  which  is  associated  with  a  native  defect. 3*1  This 
defect  is  responsible  for  producing  undoped  semi-insulating  GaAs  by 
compensating  the  shallow  impurities. '*3, 46  exact  origin  and  microscopic 

structure  of  this  defect  is  still  subject  to  considerable  debate.  Many  of  the 
Investigations  on  this  defect  have  involved  studies  of  the  correlation  between 
the  distribution  pattern  across  the  wafer,  of  the  EL2  concentration, 
dislocation  density,  resistivity,  as  well  as  their  relation  to  the 
stoichiometry  of  the  melt,  and  conditions  of  the  crystal  growth. Central 
to  many  of  these  studies  is  the  precise  measurement  of  the  ZL2  concentration 
and  its  distribution.  Optical  absorption  spectroscopy,  at  room  temperature, 
nas  commonly  been  used  for  this  purpose,  since  it  provides  a  convenient  and 
nondestructive  way  of  measuring  the  local  concentration  of  the  EL2  with  good 
spatial  resolution. 33  in  this  method  the  value  of  the  absorption  coefficient  at 
about  1.2  eV  is  taken  to  be  a  measure  of  the  EL2  concentration.  However,  we 
have  shown  that  the  presence  of  other  residual  deep  levels,  even  at  low 
concentrations,  may  give  rise  to  appreciable  absorption  spectra  in  the 
neighborhood  of  the  EL2  spectra. Hence  the  apparent  near-infrared  absorption 
spectra  cannot  be  a  priori  attributed  to  the  EL2  levels  alone. 

The  EL2  level  has  been  shown  to  exhibit  unusual  properties,  among  them,  the 
quenching  of  photoluminescence, 32  photocapacitance, 33  and  optical 
absorption, 33  at  low  temperature  (T  <  140  K) .  In  particular,  the  near- 
infrared  absorption  spectra  due  to  EL2  quenches  out  at  low  temperature  after 
the  sample  is  llliimlnated  with  light  of  0.9  (  hV  (  1.35  eV  and  remains  in  the 
quenched  state  for  many  hours,  even  after  the  background  illumination  has  been 
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curned  off.  The  sensitivity  of  the  wavelength  modulation  adsorption 
spectroscopy  together  with  the  photo— quenching  behavior  of  the  EL2  allowed  us 
to  separate  the  EL2  spectra  in  the  total  absorption  spectra  and  to  observe  the 
absorption  spectra  due  to  all  other  residual  deep  levels.  Figure  12  shows  the 
absorption  due  to  all  the  deep  levels  other  than  the  EL2  in  the  spectral 
region  of  0.3  -  1.5  eV.  The  spectra  of  another  SI  GaAs  sample  in  the  spectral 
region  of  0.5  -  1.5  eV  is  also  shown  in  Fig.  14,  in  which  the  solid  curve  is 
the  room  temperature  spectra  and  the  dotted  curve  is  the  post-quenching 
spectra  (at  80  K)  due  to  residual  absorption.  As  is  seen  from  these  figures, 
the  post-quenching  spectra  do  not  exhibit  any  strong  threshold  associated  with 
the  photolonlzatlon  of  electrons  from  the  iron  impurity  levels.  In  surveying 
several  samples  of  undoped  SI  GaAs  (L£C)  we  found  that  in  a  typical  sample  up 
to  20Z  of  the  room  temperature  optical  absorption  coefficient  may  be  due  to 
resldxial  deep  levels  other  than  the  EL2.*^ 

Therefore  in  cases  where  the  concentration  and  distribution  must  be 
measured  with  better  than  102  accuracy,'*^  room  temperature  optical  absorption 
is  not  adequate.  In  such  cases,  the  use  of  infrared  wavelength  modulation 
absorption  in  conjunction  with  the  photo-quenching^i  represent  a  more  accurate 
method  of  measuring  the  n.2  concentration. 


V.  CONCLUSIONS 


In  summary,  wavelength  modulation  absorption  was  used  to  investigate  the 
deep  levels  in  the  undoped  SI  GaAs  (LEO  which  is  currently  of  high 
technological  interest.  Extensive  low  temperature  measurements  permitted 
observation  of  structures  with  fine  details  in  the  spectra  of  the  SI  GaAs  at 
0.37  eV  and  0.4  eV.  The  structures  near  0.37  eV  were  identified  as  intra- 
center  transitions  between  the  levels  of  accidental  iron  impurities 
incorporated  in  the  Ga  sublattice.  To  our  knowledge  this  was  the  first 
observation  of  the  iron  absorption  spectra  in  the  SI  GaAs  at  such  low  levels 
of  concentration.  The  structure  at  0.4  eV  was  considered  as  being  due  to  an 
intra-center  transition  associated  with  a  growth  related  multi-level  defect 
complex.  The  fine  details  of  this  structure  were  found  to  be  sensitive  to  the 
thermal  history  of  the  sample,  and  the  whole  structure  was  annealed  out  at 
about  4S0  C.  Such  a  level  and  its  characerlstlcs  have  not  been  previously 
reported. 

Measurements  at  liquid  nitrogen  temperature  also  allowed  us  to  utilize  the 
photo-quenching  behavior  of  the  absorption  bands  in  the  spectral  region  of 
0.7  -  1.45  eV  to  assess  the  accuracy  of  the  conventional  room  temperature 
optical  absorption  spectroscopies  in  measuring  the  deep  level  concentrations. 
It  was  demonstrated  that  the  non-selectivity  of  such  measurements  may  give 
erroneous  results  in  measuring  the  concentration  of  specific  deep  levels, 
because  of  appreciable  absorption  due  to  the  collective  contribution  of  other 
residual  deep  levels.  This  result  holds  special  significance  in  the  current 
investigations  on  the  origin  of  the  non-uniform  distribution  of  the  main 
electron  trap,  the  EL2  level,  in  the  undoped  SI  GaAs  (LEO. 


V  " 
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FIGURE  CAPTIONS 


Fig.  1.  Block  diagram  of  the  wavelength  modulation  absorption  system. 

Fig.  2.  Block  diagram  of  the  data  taking  cycle. 

Fig.  3.  Absorption  spectra  of  the  M039T  SI  GaAs  (LEO  sample;  T  =  300  K, 
spectral  range:  0.3  -  l.S  e7. 

Fig.  4.  Absorption  spectra  of  the  tt039T  SI  GaAs  (LEO  sample;  T  =  160  K, 
spectral  range:  0.3  -  l.S  e7. 

Fig.  S.  Aljsorptlon  spectra  of  the  2S339T  SI  GaAs  (LEO  sample;  T  -  160  K, 
spectral  range:  0.3  -  0.S2  e7. 

Fig.  6.  Absorption  spectra  of  the  U039T  SI  GaAs  (LEO  sample;  T  -  80  K, 
spectral  range:  0.3  -  0.S2  eV. 

Fig.  7.  Absorption  spectra  of  the  MD43T  SI  GaAs  (LEO  sample;  T  =  80  K, 
spectral  range;  0.3  -  0.S2  eV. 

Fig.  8.  Absorption  spectra  of  the  N032T  SI  GaAs  (LEO  sample;  T  »  80  K, 
spectral  range:  0.3  -  0.S2  eV. 

Fig.  9.  Absorption  spectra  of  the  tlOAOT  SI  GaAs  (LEO  sample;  T  -  30  K, 
spectral  range:  0.3  -  0.S2  eV. 

Fig.  10.  Absorption  spectra  of  the  HD4TT  SI  GaAs  (LEO  sample;  T  »  80  K, 
spectral  range:  0.3  -  0.S2  eV. 

Fig.  11.  The  post-annealed  absorption  spectra  of  the  IC3ST  SI  GaAs  (LEO 
sample:  T  >  30  K,  spectral  range:  0.3  -  0.S2  e7. 

Fig.  12.  The  post-lllumlnatlon  absorption  spectra  of  the  I1039T  SI  GaAs  (LEO 
samples;  T  »  80  K,  spectral  range:  0.3  -  0.S2  e7. 

Fig.  13.  Energy  level  scheme  of  the  level  of  Fe^*  <3d^>  In  GaAs. 

Fig.  14.  The  total  absorption  spectra  at  300  E  (solid  curve)  and  the  residual 
absorption  spectra  after  photo-qiMnchlng  at  80  K  (dotted  curve)  of 
the  a043T  SI  GaAs  (LEO  sample. 
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D9 

M02S 

M2S-2I 

Ml  77 


M039 

M043 

M2S-2 


LEC-grown  GaAs  with  lon-lmplanted  contacts 
(note:  there  is  extensive  annealing  as  part 
of  the  ion-implantation  process) 

LEC-grown  with  MBE  layer,  lon-implanted 
contacts  (note:  there  is  extensive  heat 
treatment  dtiring  both  the  MBE  and  ion- 
implantation  processes) 


LEC-grown  with  In  soldered  contacts 


M03S  ann 
M043  ann 
M2S-2  ann 


LEC-grown  and  annealed  at  700K  for  four 
hours  with  a  one  hour  cool  off,  In- 
soldered  contacts 


M039  que 


LEC-grown  and  heat  treated  at  700K  for 
three  hours  with  a  fast  cool  off.  In- 


soldered  contacts 


Figure  Capcions 


Fig.  1  Block  diagram  of  the  photo-induced,  transient  spectroscopy  apparatus 

Fig.  2  Flow  diagram  of  the  computer  program  which  operates  the  photo- 
induced  transient  spectroscopy  apparatus. 

Fig.  3  Plots  of  log<T5,^t)  verstis  1/T  for  all  deep  levels  seen  by  photo- 
induced  transient  spectroscopy. 

Fig.  4  Transient  current  vs.  T  for  sample  iffl39  t=40  msec,  He-Me  laser 
light  source. 

Fig.  S  Transient  current  vs.  T  for  sample  a039  ann  t=-40  msec,  He-Me 
laser  light  source. 
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produced  in  the  boron-tmplantatlon  process  might  be  what  caused  this  level  to 
be  broadened  into  a  band.  This  damage  would  not  be  present  in  the  samples 
where  the  boron  was  introduced  during  the  growth  process.  Since  it  is  not 
possible  to  determine  whether  the  level  is  hole-llke  or  electron-lllie  with 
P.I.T.S.  both  a  and  a  <7^3  are  reported  for  it  in  Table  3. 

III.  Conclusions 

Several  deep  levels  were  seen  in  saisples  of  seml-lnsulatlng  liquid 
encapsulated  Czochralskl  grown  GaAs  by  photo-induced  transient  spectroscopy. 

Two  of  the  levels  one  at  0.S6  e7  and  the  other  at  0.27  e7  appear  in  all  of  the 
L£C  samples  regardless  of  the  heat  treatment  they  received  and  seem  to  be 
related  to  the  presence  of  iron  and  zinc  impurities  respectively.  These  are 
most  probably  due  to  accidental  introduction  during  the  growth  process  since 
there  was  no  Intentional  doping  of  the  SaAs  used  in  this  study.  Host  of  the 
other  deep  levels  seen  were  correlated  with  levels  seen  by  other  investigators. 
Very  good  agreement  between  the  signatures  of  the  levels  made  the 
identifications  certain.  One  particular  deep  level  seen  with  an  energy  of  0.52 
e7  seems  to  be  related  to  a  complex  defect  involving  boron  present  in  the 
samples.  It  appears  to  ba  a  non-broadened  version  of  the  band  seen  in  boron- 
implanted  GaAs  and  probably  appears  as  a  single  level  rather  than  a  band 
becatise  the  boron  was  Introdxiced  during  the  growth  process  instead  of  being  ion- 
implanted. 

The  support  of  this  work  by  the  Air  Force  Office  Scientific  Research  under 
AFOSR-84— 01698,  the  Army  Research  Office-Durham  under  DAAG-29-k-1064,  and  the 
State  of  Callfomla-SlGtO  program  is  gratefully  acknowledged. 


level  with  the  activation  energy  of  0.42  eV  is  HBS  which  Is  believed  to  be  the 
same  level  as  HLS.3  This  particular  level  is  thought  to  be  associated  with  a 
native  defect  in  the  crystal.  This  is  sxipported  in  this  study  by  the  fact  that 
it  is  readily  annealed,  as  can  be  seen  in  Table  2  since  It  does  not  appear  in 
any  of  the  heat  treated  samples  except  MD39  que.  The  fact  that  it  reappears  in 
the  quenched  sample  means  that  it  can  be  easily  reintroduced  by  "freezing  in" 
the  high  temperature  concentration  of  these  imperfections. 

There  is  some  difficulty  in  assigning  a  designation  to  the  0.27  eV  level  in 
that  its  signature  lies  almost  halfway  between  the  signatures  of  ELS  and  HLi2.3 
Assuming  it  is  one  of  the  two  and  not  a  newly  seen  level,  the  feature  which 
lends  more  weight  toward  identifying  it  as  HLi2  is  that  the  level  appears  in 
all  of  the  samples  except  the  UBE  samples.  HL12  has  been  seen  in  samples  which 
contain  zinc,  a  chemical  impurity,  and  is,  therefore,  not  as  likely  to  be 
affected  by  annealing.  As  can  be  seen  in  Table  3  this  identification  results 
in  Op^  being  equal  to  3.8*10"^S  ^m^. 

The  best  candidate  for  the  identification  of  the  deep  level  seen  at  an 
energy  of  0.S2  eV  is  a  somewhat  unconventional  band  seen  in  samples  which  have 
undergone  ion-implantation  using  boron  as  the  bombarding  lons.^  This  boron- 
implantation  produced  defect  structures  which  were  annealable  and  the  energy 
band  associated  with  them  has  a  peak  at  temper atwes  which  agree  with  those 
seen  for  the  level  in  this  work.  Since  there  is  most  likely  boron  present  in 
the  samples  used  in  this  study, and  since  the  band  is  associated  with  boron 
the  evidence  for  associating  the  level  seen  in  this  work  with  the  so-called 
U-band  seen  in  Ref.  9  seems  strong.  The  reason  that  this  defect  produced  a 
clear  level  in  the  samples  studied  here  while  a  band  was  seen  in  the  samples 
which  were  boron-implanted  would  seem  to  be  due  to  the  difference  in  the  manner 
in  which  the  boron  was  introdtjced  into  the  samples.  The  associated  damage 


of  behavior  can  be  seen  with  regard  to  the  heat  treatment  given  the  various 
samples.  As  can  be  seen  by  comparing  Fig.  4  to  Fig.  5,  the  difference  between 
an  as-*grovn  sample  and  the  same  sample  after  being  subjected  to  heat  treatment 
is  qxalte  significant.  Table  3  shows  a  listing  of  all  the  observed  deep  levels' 
activation  energies  and  emission  sections. 

The  level  with  an  activation  energy  of  0.18  e7  has  a  signature  which 
matches  that  of  the  deep  level  designated  as  ELIO  and  observed  in  other 
studies.^  As  can  be  seen  in  Table  3  it  has  a  equal  to  l.SxlO~^^  cm^. 

The  best  identification  for  the  level  with  the  activation  energy  of  0.22  e7 
is  EL17.3  The  level  being  an  electron  level  means  7^^  is  equal  to  1.5x10"'^^ 
cm^.  The  best  fit  to  the  signature  of  0.36  e7  level  occurs  for  the  deep 
level  designated  as  HL7.3  The  hole  nature  of  the  level  means  is  equal 
to  S.Sxl0"'l'3  ca|2. 

The  deep  level  listed  In  Table  3  with  an  activation  energy  of  0.56  e7  has  a 
signature  which  is  an  excellent  fit  to  that  of  the  level  designated  in  other 
sttxUes  as  HL33  yielding  a  Op^  equal  to  1.4*10“^S  cm^.  This  particular  deep 
level  has  been  found  to  correspond  to  the  presence  of  iron  in  the  samples 
tested  in  other  works.  This  is  supported  here  by  the  fact  that  this  level 
appears  in  all  of  the  samples  used  in  this  study  which  gives  greater  weight  to 
the  level  being  associated  with  a  chemical  impurity  rather  than  Just  a  crystal 
imperfection.  Another  feature  which  supports  this  identification  is  the 
presence  of  this  level  in  the  UBE  sample  SI 77.  It  is  known  that  iron  is  a  fast 
diffuser  in  GaAs*^  and  tends  to  migrate  toward  the  surfaces  of  a  sample.  The 
presence  of  the  0.56  e7  deep  level  in  the  SBE  sample  would  imply  that  the  iron- 
associated  defect  had  migrated  from  the  LEG  substrate  into  the  SBE  layer  during 
either  the  SBE  process  or  the  ion-implantation  of  the  electrical  contacts. 

The  deep  level  with  a  signature  which  most  closely  matches  that  of  the 


line  graph.  The  value  for  Yj,  has  been  determined  to  be  (4V6  h”^  k2).i 

For  electrons  this  equals  2.28*1020  cm“2s~'^K“2 . 6  Putting  in  the  effective  mass 
term  for  holes  yields  a  value  of  1.7x±0^^  cm'^s'^K”^.^  This  straight  line 
graph  or  the  combination  of  E|(^  and  o'|,a  (Op^  for  holes)  is  called  the  signature 
of  the  deep  level  and  is  preferred  method  for  identifying  a  deep  level. 

The  photo-induced-transient  spectroscopy  (P.I.T.S.)  apparatus^  consisted  of 
a  devar  in  which  the  samples  could  be  cooled  to  liquid  nitrogen  temperatures. 
There  were  windows  in  the  devar  to  allow  the  light  pulses  from  the  two  light 
sources  used  for  this  experiment  to  strike  the  samples.  The  light  sources  used 
were  a  He-Ne  laser  and  a  GaAs  light  emitting  diode  which  gave  light  at  energies 
greater  than  and  less  than  the  band  gap  respectively.  The  temperatue  of  the 
sample  was  monitored  by  a  thermocouple.  The  current  through  the  sample  was 
measured  as  a  voltage  across  a  resistor  which  was  placed  in  series  with  the 
sample  and  the  dc  power  supply  which  provided  the  bias  voltage  to  the  sample. 
The  apparat-us  was  controlled  and  the  temperature  and  transient  current  were 
read  by  a  CAMAC  data  acquisition  system  under  the  control  of  an  LSI-11/23 
computer.  A  representation  of  the  transient  current  was  obtained  at  each  point 
in  temperature  by  having  the  computer  read  the  voltage  across  the  series 
resistor  at  several  regularly  spaced  times  following  each  pulse  of  light.  This 
allowed  a  complete  set  of  data  to  be  obtained  in  only  one  temperature  scan. 
Figure  1  shows  a  block  diagram  of  the  P.I.T.S.  apparatus  while  Fig.  2  shows  the 
flow  diagram  for  the  compiiter  program  which  controls  the  system. 

The  signatures  of  all  the  deep  levels  seen  in  all  of  the  samples  tested  are 
compiled  in  Fig.  3,  while  a  tabulation  of  which  level  was  present  in  a  given 
sample  is  dlplayed  in  Table  2.  As  can  be  seen  there  is  a  rich  spectrum  of  deep 
levels  in  the  samples  which  were  not  sxibjected  to  any  heat  treatment,  those 
being  M039,  M043,  and  M2S-2.  For  several  of  the  deep  levels  definite  patterns 


The  method  used  to  detect  the  presence  of  the  deep  levels  in  the  samples 
was  photo-induced-transient  spectroscopy. 3  This  technique  involves  pulsing  a 


monochromatic  light  source  at  a  sample  of  GaAs  which  has  a  bias  voltage  applied 
across  contacts  on  its  surface.  The  transient  current  which  follows  the 
termination  of  the  light  pulse  Is  then  measured.  If  the  trap  being  seen  is  an 
electron-like  trap  and  the  intensity  of  the  light  pulse  is  such  that  a 
saturated  condition  is  achieved  for  the  photo-current  then  the  form  of  the 
transient  current  becomes: 

<Si(t)  a  Qly  6(1  exp<-e((t)  (1) 

where  e,^  is  the  emission  rate,  %  is  the  trap  concentration,  and  C  is  a 
constant.  When  this  equation  is  differentiated  with  respect  to  temperature 
the  following  results: 

a  C  <l-ent>  exp<-ent)  ^  .  (2) 

It  can  be  seen  that  an  extremum  occurs  when  t  a  l/ej,.  Therefore,  by  choosing  a 
time  after  the  termination  of  the  light  pulse  and  plotting  the  magnitude  of  the 
transient  cuiu’ent  as  a  function  of  temperature,  a  series  of  peaks  are  obtained. 
Each  peak  corresponds  to  a  different  deep  level  with  the  position  of  the  peak 
occurring  at  a  temperature,  T,,  where  the  level's  emission  rate  is  equal  to  the 
reciprocal  of  the  time  chosen.  By  graphing  the  transient  current's  value  at 
different  times  as  a  function  of  temperature,  several  values  of  T^  can  be 
obtained  for  the  different  values  of  the  time,  t.  Assuming  the  form  for  e((  is^ 

«n  “  <d^  gn  exp(a/k))  exp<-E/^/kT) .  (3) 

where  E/^  is  called  the  activation  energy  and  (7((a  »  gn  exp<a/k))  is  the 

apparent  cross  section.  A  plot  of  loglT^t)  versus  1/T  will  yield  a  straight 
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II.  ExperimenCal  Techniques 

All  of  the  samples  used  in  this  study  were  LEC  grown^  GaAs  and  were  seml- 
insulatlng  because  of  the  deep  levels  which  were  caused  by  the  growth  process 
as  opposed  to  being  deliberately  introduced  into  the  samples  by  doping  with 
materials  such  as  Cr.  One  sample,  MITT,  however,  did  have  a  layer  of  GaAs 
grown  on  it  by  molecular  beam  epitaxy.  A  summary  of  the  treatment  of  the 
samples  is  presented  in  Table  1. 

Samples  IK339,  11043,  and  1125-2  had  no  heat  treatment  performed  on  them  until 
they  had  first  been  tested  for  deep  levels;  then  the  same  samples  were  annealed 
and  redesignated  Iffl39  ann,  11043  ann,  and  112S-2  ann.  The  annealing  process 
involved  raising  their  temperature  in  a  nitrogen  atmosphere  over  a  period  of 
one  hour  from  room  temperature  to  TOOK.  They  were  left  at  this  temperature  for 
four  hours  and  then,  over  a  period  of  one  hour,  their  temperature  was  lowered 
bacb  to  room  temperature.  After  being  tested  for  deep  levels  sample  11039  ann 
was  given  another  heat  treatment  and  redesignated  1K)39  que.  This  particular 
heat  treatment  involved  raising  its  temperature  to  TOOK  over  a  period  of  one 
hour.  The  sample  was  left  at  this  temperature  for  a  period  of  three  hours  and 
then  was  cooled  back  down  to  room  temperature  in  approximately  ten  seconds. 

Samples  I12S-2I,  09,  1102S,  and  HITT  had  ion-implanted  electrical  contacts. 
This  process  involves  masking  the  samples  and  implanting  Si  ions  into  the 
surface  at  extremely  high  concentrations  such  that  the  conductivity  becomes 
very  large  in  the  implanted  regions.  The  samples  are  then  given  a  high 
temperature  anneal  to  drive  in  the  Si  and  remove  some  of  the  damage  caused  by 
the  implantation  process.  The  electrical  contacts  on  all  of  the  other  samples 
were  made  by  soldering  In  to  the  surfaces  of  the  samples  with  an  ultrasonic 
soldering  iron.  The  soldering  process  was  performed  as  quickly  as  possible  in 
order  to  minimi2e  the  amount  of  heating  the  samples  would  be  sijbjected  to. 


I.  Introduction 


It  is  important  to  fully  understand  the  deep  levels  present  in  GaAs  samples 
which  have  been  prepared  by  various  growth  techniques.  Unfortunately,  in  many 
of  the  studies  done  on  samples  produced  by  a  particular  growth  method  the 
measurement  techniques  used  tended  to  obscure  some  of  the  deep  levels  which  may 
have  been  present  at  the  time  of  growth.  For  instance,  the  use  of  deep  level 
transient  spectroscopy^'  requires  the  construction  of  a  diode  strucfure  from  the 
sample  to  be  studied  causing  the  sample  to  be  subjected  to  relatively  high 
temperatiire  annealing.  Such  temperature  treatment  can  remove  defects  that  give 
rise  to  certain  deep  levels,  thus,  making  them  impossible  to  study. 

The  purpose  of  this  study  is  to  investigate  the  deep  levels  present  in 
samples  of  liquid  encapsulated  Czochralskl  (LEG)  grown,  seml-insulatlng  GaAs. 

To  accomplish  this,  photo-'lnduced-translent  spectroscopy  was  used  as  the 
measurement  technique  for  detecting  deep  levels  in  the  sample.  This  method  was 
chosen  for  two  reasons:  first,  it  is  one  of  the  preferred  methods  for  detecting 
deep  levels  in  seml**insulatlng  GaAs,  and,  second,  the  preparation  of  the 
samples  for  this  technique  involves  only  a  small  amount  of  heat  treatment 
allowing  study  of  aiuiealable  deep  levels  which  may  have  been  introduced  during 
the  growth  process. 

deasurements  were  made  on  samples  which  had  been  subjected  to  a  variety  of 
heat  treatments  with  the  purpose  of  giving  some  evidence  for  possible  defect 
structures  which  nay  be  caialng  the  deep  levels.  Using  these  methods  seven 
deep  levels  were  observed  with  most  of  then  being  readily  identified  with  deep 
levels  seen  in  other  works. 
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Deep  Levels  In  Seml-Insulating ,  Liquid- 
Encapsulated-Czochralski-Grovm  GaAs 


H.R.  Burd  and  R.  Braunsteln 
Department  of  Physics,  University  of  California 
Los  Angeles,  California  90024 


Using  photo-tnduced-translent  spectroscopy  on  variously  heat-treated 
samples  of  seml-lnsulatlng  LEC-grown  GaAs,  ve  detected  seven  deep  levels. 
Six  of  these  levels  were  matched  with  previously  catalogued  levels,  four 
of  them  being  hole-like  and  two  being  electron-like.  The  seventh  level 
appears  to  be  associated  with  a  boron-related  defect  which  has  previously 
been  seen  only  as  a  band  in  boron-implanted  GaAs. 
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—  Re-examlnatlon  of  the  Wavelength 

Modulation  Photoresponse  Spectroscopies 

S.  M.  Eetemadi  and  R.  Braunsteln 

Department  of  Physics,  University  of  California, 

Los  Angeles,  California  90024 

Re-examination  of  the  wavelength  modulation  photoresponse 
spectroscopies  showed  that  the  line  shapes  obtained  by  these  methods 
are  subject  to  distortions  from  several  sources  of  spurious  interference 
spectra.  Limitations  of  these  methods  in  studies  of  the  deep  levels 
and  the  Interband  transitions  in  semiconductors  are  discussed  and  a 
practical  method  for  removal  of  the  distortions  due  to  the  background 
spectra  is  suggested.  Finally,  a  comparison  is  made  between  the 
wavelength  modulation  absorption/reflection  and  the  wavelength  modulation 
photoresponse  spectroscopies.  It  is  concluded  that  the  former  are  the 
most  suitable  modulation  techniques  for  the  above  studies  since  they 
yield  unambiguous  line  shapes. 
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I .  INTRODUCTION 

To  measure  low  level  absorption,  wavelength  modulation  techniques  are 
employed.  In-ene  form,  direct  wavelength  modulation  absorption  is  utilized, ^ 
while  in  other  implementations  the  wavelength  modulation  photoresponse  of  the 
sample  is  used  to  infer  the  absorption. In  this  report  we  present  a 
re-examination  of  the  wavelength  modulation  photoresponse  spectroscopies  in 
general,  and  their  application  to  the  studies  of  the  deep  levels  and  Interband 
transitions  in  semiconductors.  Some  of  the  limitations  of  these  techniques, 
as  well  as  the  necessary  precautions  in  interpreting  the  experimental  results, 
are  also  discxjssed.  A  comparison  was  made  between  wavelength  modulation 
absorption/refraction  and  wavelength  modulation  photoresponse  spectroscopies. 

Optical  modulation  spectroscopy  has  been  extensively  used  in  the  past  t;o 
study  the  optical  absorption  and  reflection  of  materials. *  Being  a  derivative 
technique  in  nature,  it  is  far  more  sensitive  than  conventional  spectroscopic 
methods  for  detecting  small  structures  out  of  a  broad  background.^  Various 
omdulation  parameters  such  as  applied  electric  field,  stress,  temperature,  and 
wavelength  of  the  probing  light  beam  have  been  combined  with  absorption  and 
refelctlon  spectroscopy  to  form  a  whole  family  of  derivative  spectroscopy 
techniques."^  More  recently,  other  derivative  techniques  combining  the 
wavelength  modulation  and  the  photoresponse  (photo-induced  changes  in  voltage, 
capacitance,  and  current)  spectroscopies  have  been  Introduced  as  a  new 
approach  to  the  stixiy  of  absorption  in  semiconductors.  Wavelength  modulation 
photoconductivity, 2  photovoltage,^  and  photocapacitance, ^  are  some  examples. 
Such  techniques  have  been  used  to  study  the  interband  transitions  as  well  as 
transition  involving  the  photo ionization  of  the  deep  levels  in  some 
semiconducting  materials. 

In  these  methods,  samplos  are  prepared  in  the  form  of  a  p-n  Junction, 2  a 


metal-insulaCor-semiconductor  (MIS), 3  or  a  Schottky  barrier^  with  semi¬ 
transparent  electrodes.  The  changes  in  the  photoresponse  induced  in  the  space- 
charge  regionT-by  wavelength  modulation  of  the  incident  light  beam,  are 
measured  using  a  phase-locked  amplifier  synchronous  with  the  wavelength 
modulator.  The  derivative  photoresponse  spectrum  thus  obtained  is  interpreted 
as  being  proportional  to  the  derivative  of  the  absorption  coefficient,  and 
thus  to  the  derivative  of  the  photoionization  cross  section. 3  In  particular, 
for  the  transitions  involving  photoionization  of  the  deep  levels,  the 
derivative  surface  photovoltage  (DSPV)  is  given  by^: 


dV  n^  ^ 

_ i  -  -  V  T  A  _ —  ~ 

dX  “  S  O  M„-N,  d\ 
D  A 


(1) 


where  is  the  surface  photovoltage,  I^  is  the  incident  photon  flux,  n^  is 
Che  concentration  of  the  occupied  traps  being  probed,  and  is  the  net 

doping  concentration.  The  constant.  A,  depends  on  the  thermal  generation  and 
recombination  of  the  traps,  and  a  is  the  photoionization  cross  section. 

Wavelength  modulation  reflection  and  transmission  spectroscopies  have  a 
serious  experimental  difficulty  because  the  spectra  contain  substantial 
spurious  structures  originating  from  the  derivative  of  the  background  spectra 
which  must  be  properly  removed  in  order  to  obtain  the  true  spectra  of  the 
sample  itself.®  The  structures  in  the  background  spectrum  are  due  to  the 
spectral  dependence  of  the  light  source  Intensity,  various  optical  components 
of  the  experimental  system,  and  the  atmospheric  absorption,  especially  in  the 
Infrared  region  of  the  spectra.  These  structures  have  been  successfully 
removed  by  various  ingenious  methods  of  background  derivative  subtractions , 5 
including  double  beam-sing  If?  detector®  and  single  beam  sample-in  sample-out 
techniques.^  However,  the  question  of  the  effect  of  the  background  spectra  on 


the  derivative  photoresponse  results  has  not  yet  been  addressed  in  the 
previous  theoretical  and  experimental  works  on  this  subject. 

To  investigate  the  possible  effects  of  the  background  spectra,  a 
preliminary  derivative  surface  photovoltage  (DSPV)  experiment  was  conducted  on 
a  silicon  sample  prepared  in  the  form  of  a  semi-transparent  IK)S  structure,  and 
the  result  was  compared  with  the  derivative  of  the  incident  photon  flux 
spectrum.  Similarities  between  changes  in  the  structures  observed  in  both 
spectra  were  taken  as  an  indication  of  possible  superposition  of  the 
derivative  of  the  background  spectra  on  the  DSPV  spectra,  and  prompted  us  to 
re-examine  the  theory  of  the  wavelength  modulation  surface  photovoltage 
spectroscopy. 

The  result  of  our  investigation  showed  that  the  proportionality 
relationship,  eq.  <l),  between  the  DSPV  and  the  derivative  of  the  absorption 
coefficient  is  not  valid  in  general,  the  DSPV  spectra  are  rather  a 
superposition  of  several  terms,  one  of  which  includes  ‘he  derivative  of  the 
background  spectra;  these  additional  terms  are  the  various  sources  of 
distortions  depend  on  the  spectral  region  under  investigation.  Important 
implications  of  this  result  in  the  DSPV  studies  of  the  deep  levels  and  the 
Interband  transitions  are  further  explored  below  and  modifications  of  the 
experimental  technique  for  the  removal  of  the  major  portions  of  the  background 
spectra  are  suggested.  The  following  discussion  is  focused  primarily  on  the 
wavelength  modulation  surface  photovoltage.  The  analysis,  however,  applies 
equally  to  other  modulation  photoresponse  spectroscopies  as  well. 
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II.  EXPERIMENTAL  RESULTS 

The  derivative  surface  photovoltage  measurements  were  performed  on  n-type 
silicon  substrates  (100)  utilizing  MOS  structures.  The  experimental  system 
used  is  described  elsewhere,  The  MOS  structures  were  made  by  evaporating  a 
400  \  semi-transparent  gold  electrode  on  an  oxide  layer  <1000  A  thick)  grown 
on  silicon  by  a  standard  dry  oxidation  technique, 

Typical  sub-band-gap  derivative  surface  photovoltage  spectra  (dV^/dE) 
obtained  at  83  K  are  shown  in  Figs.  1(a)  and  2(a).  To  obtain  a  good  signal-to- 
noise  ratio  it  was  necessary  to  keep  the  modulation  amplitude  and  the  spectral 
slit  width  of  the  monochromator  fairly  large:  AX/X  -  10“2.  The  derivatives 
of  the  incident  photon  flux  spectra  for  the  same  instrument  and  spectral 
region  with  comparable  amplitude  of  modulation  were  obtained  using  a  PbS 
detector.  These  are  shown  for  comparison  in  Figs.  Kb)  and  2(b).  With  the 
sensitivity  of  the  PbS  detector  a  much  better  resolution,  AX/X  -  2^10“'^  is 
also  possible,  as  shown  in  Fig.  3. 

The  dominant  structure  in  Fig.  1(a)  is  due  to  the  interband  transition 
near  the  indirect  band  gap  of  silicon  with  emission  and  absorption  of  phonons. 
It  is  similar  to  other  reported  DSPV  results. ^2  j^e  smaller  structures  below 
1.15  eV  may  in  principle  be  associated  with  the  multi-phonon  absorption. 
However,  they  can  also  be  considered  to  be  a  manifestation  of  similar 
structures  in  the  derivative  of  the  background  spectra  dl^/dE,  shown  in  Fig. 
Kb).  Comparison  of  Fig.  2(a)  and  2(b)  also  suggests  a  strong  correlation 
between  the  structures  in  the  DSPV  and  the  derivative  of  the  background 
spectra  near  0.65  and  0.9  eV.  In  fact,  signatures  of  the  derivative  of  the 
background  spectra  are  quite  commonly  observed  in  the  wavelength  modulated 
spectra  of  the  reflected  and  transmitted  light  beam  as  predicted  by  the  theory 
of  the  corresponding  wavelen^^th  modulation  spectroscopy.®  These  can  be 
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corrected  for  by  subtraction  of  the  experimentally  determined  background. ^ ^ 
In  contrast,  the  theory  of  the  DSPV,  as  formulated  in  Eq.  (1),  is  not 
consistent  wi*4»-the  above  observation.  In  the  next  section  we  present  our 
analysis  of  the  theory  of  the  DSPV  spectroscopy,  which  clearly  shows  that  the 
DSPV  spectra  can  contain  signatures  of  the  derivative  of  the  background 
spectra  as  well  as  other  possible  sources  of  distortions  in  the  various 
regions  of  spectra. 


III.  DERIVATIVE  OF  SURFACE  PHGTOVOLTAGE  (DSPV) 

The  theory  of  surface  photovoltage  has  been  treated  by  a  number  of 

authors. For  the  purpose  of  this  study,  the  changes  in  the  surface 

potential  of  a  semiconductor,  V  ,  induced  by  the  light  of  intensity  I  and 

s  0 

wavelength  \  may  be  written,  for  small  signals  (surface  photovoltage  << 
surface  potential),  in  the  formi3; 

v^(\)  =  I(\)  a(X)  F(\)  ,  (2) 

where 

F  =  F(L^,a,T,Ej,;  tj^,n^,p^;  Et’"c’%h"’ • 

F  is  a  complicated  function  of  diffusion  length  L^,  absorption  coefficient 

a,  temperature  T,  Fermi  energy  E^,  bulk  carrier  lifetime  for  electrons  and 

holes  and  concentrations  n^,  p^^,  respectively,  deep  levels  energy  E^., 

concentration  n  ,  photoionization  cross  sections  a  ,  a  for  electrons  and 
t  ph  ph 

holes,  respectively,  and  their  thermal  emission  rates  e  and  e  ,  in  the 

n  p' 

semiconductor  as  well  as  the  effective  surface  recombination  velocity  S.  The 


I 


exact  functional  dependeri-  if  F  on  these  parameters  is  not  needed  for  our 


discussion;  however,  it  is  rather  important  to  note  its  implicit  wavelength 


dependence  through  a(X),  actual  photon  flux 

entering  the  sp®c®  charge  region  of  the  semiconductor.  Quite  often  in  the 
past,  which  is  the  incident  photon  flux  illuminating  the  MOS  structure 

has  been  used  instead  of  I(X),  thus  ignoring  the  spectral  dependence  of  the 
transmittance  through  the  metal  and  the  insulating  layers  I(X)  and  are 

related  byi-^: 


I(X)  =  I  (X)  T(X) 
o 


(3) 


with 


T(X) 


(1+r^)  (l+r^Xl+r^)  exp(6^+62) 


1  +  r^r^  exp26^  +  r^r^  exp2( 5^+62)  + 


(4) 


where  r.  are  the  Fresnel  reflection  coefficients  at  the  interfaces  and  are, 

i 

defined  in  terms  of  the  complex  refractive  indices  (N  =  n+ik)  of  the  media 
involved  as  follows: 


'’1  ■  1+H, 


V!l2 

^1*^2 


^2-^3 

"3  -  N2>N3 


(5) 


The  phase  factors  for  normal  incidence  are  written 


h  -  -‘(f 


“l"! 


=  -‘(t)  » 


2‘^2 


(6) 


For  the  tKDS  structure  considered  here,  and  d^  are  respectively  the  complex 
refractive  index  and  thickness  of  the  semi-transparent  gold  electrode,  N2  and 
d2  apply  to  the  Si02  film,  and  to  the  silicon  substrate.  In  essence  the 
wavelength  dependence  of  T(X)  is  due  to  the  spectral  dependence  of:  the 
absorption  coefficient  of  the  light  in  the  metal  and  insulator  layers,  the 
reflection  coefficients  ac  interfaces,  and  the  interference  pattern  due  to 
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FIGURE  CAPTIONS 

(aVThe  derivative  surface  photovoltage  spectra  of  silicon  (T  =  83  K) ; 

(b)  the  derivation  of  the  background  spectra  in  the  spectral  range  of 

1.0  -  1.3S  eV;  amplitude  of  modulation  (AX/\)  =  10"2. 

(a)  The  derivative  surface  photovoltage  spectra  of  silicon  (T  =  83  K) ; 

(b)  the  derivative  of  the  background  spectra  in  the  spectral  range  of 

0.6  -  1.0  eV;  amplitude  of  modulation  (dX/\)  =  10“2. 

Derivative  of  the  background  spectra  in  the  spectral  range  of 
0.76  -  1.0  eV;  amplitude  of  modulation  (AX/\)  =  2x10"^. 

Derivative  of  the  background  spectra  in  the  spectral  range  of 
4400  -  3400  A  using  a  xenon  arc  source;  derive  from  reference  8. 

<a)  Normal  reflectivity  spectrum,  and  (b)  logarithmic  derivative- 
spectrum  of  the  reflectivity  of  Au  at  80  K;  derived  from  ref.  19. 
Logarithmic  derivative  spectrxjm  of  the  reflectivity  of  silicon  at  30 
K  and  300  K  and  the  normal  reflectivity  spectrum  at  80  K;  derived 


from  reference  18. 
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VI .  CONCLUSIONS 


We  have  shown  that  contrary  to  the  previous  assumptions,  the  DSPV  In 
general  is  n<rt-proportional  to  the  derivative  of  the  absorption  coefficient. 

A  general  formulation  of  the  DSPV  was  derived  which  revealed  the  various 
possible  sources  of  spurious  interference  spectra.  The  effects  of  these 
interferences  on  the  line  shapes  of  the  optical  transitions  were  studied  and 
their  impact  on  the  identification  of  the  deep  levels  and  the  critical  poings 
in  the  band  structures  were  discussed.  A  practical  method  for  removal  of  the 
main  source  of  the  disortions,  i.e.,  the  background,  was  suggested. 
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wavelength  Is  scanned.  The  output  of  the  lock-in  amplifier  II  can  be  used  in 

another  negative  feedback  loop  to  regulate  an  intensity  modulator  to  keep 

dl  /dX  equal- to' zero .  The  intensity  modulator  can  be  placed  anywhere  in  the 
o 

light  path  before  the  beam  splitter.  Its  modulation  frequency  should  be  the 
same  as  the  wavelength  modulator  and  its  amplitude  can  be  controlled  by  the 
negative  feedback  loop  from  the  lock-in  amplifier  II.  One  such  Intensity 
modulator  has  been  used  in  a  wavelength  modulation  reflectance  spectrometer 
for  the  same  purpose. 23  yhe  two  feedback  loop  systems  eliminate  dl^/dX  and 
the  spectral  changes  of  the  background  to  the  extent  that  it  is  smooth 

in  the  spectra  region  of  interest.  This  is  not  possible  in  the  absolute  sense 
nor  the  entire  region  of  the  spectrum.  However,  what  is  needed  in  practice  is 
to  have  detectors  whose  spectral  responsivlty  ar^  flat  and  smooth  compared  to 
the  line  shapes  of  the  optical  transitions  under  investigation. 

Finally,  in  comparing  the  wavelength  modulation  techniques,  the  wavelength 
modulation  absorption/reflection  (WHA/R)  spectroscope  has  several  advantages 
over  the  wavelength  modulation  photoresponse  spectroscopy  (WMPR).  Flrsty  and 
foremost,  the  WMA/R  method  yields  unambiguous  line  shapes  for  the  optical  transi¬ 
tions,  which  are  therefore  easier  to  interpret.  This  is  also  true  of  the 
temperature  dependence  of  the  line  shapes.  Second,  the  intra-center  transitions 
involving  the  deep  levels  can  be  observed  by  the  WMA  but  not  with  the  DSPV 
spectroscopy.  Third,  in  the  WMA/R,  the  only  source  of  spurious  signals  is  the 
background  spectrum  which  can  be  completely  removed  in  a  systematic  way, 
independent  of  the  spectral  responsivlty  of  the  detector.  Finally,  the  WMA/R 
is  a  nondestructive  method  which  can  be  applied  directly  to  the  bulk  of  the 
materials.  In  contrast,  the  WMPR  measurements  often  require  fabrication  of 
devices  in  the  form  of  MIC,  p-n  junction,  of  Schottky  barriers  which  could  result 
in  the  introduction  of  pr...  .  rflated  impurities  or  defects  into  the  samples. 


V.  COffl>ARISON  OF  WAVELENGTH  MODULATION  PHOTORESPONSE  AND  WAVELENGTH  MODULATION 

ABSORPTION/REFLECTION  SPECTROSCOPIES 

It  is  therefore  clear  that  the  spectra  of  T<\)  and  dT/dX  contain 
substantial  structures  that  could  significantly  change  the  line  shapes  of  the 
absorption  obtained  from  the  wavelength  modulation  surface  photovoltage,  as 
well  as  other  forms  of  wavelength  modulation  photoresponse  spectroscopies. 

In  contrast  to  the  wavelength  modulation  absorption/reflection 
spectroscopy,  removal  of  the  background  interferences  I^fX)  and  dl^/dX  from 
the  DSPV  spectra  is  very  difficult.  To  date  no  systematic  method  for  its 
subtraction  has  been  suggested.  We  present  a  technique  utilizing  a  double¬ 
beam  system  in  combination  with  a  reference  optical  detector  and  feedback 
loops  to  suppress  the  spectral  changes  of  and  dl^/dX.  Its  success, 

hwoever,  depends  on  the  relative  smoothness  of  the  spectral  responslvity  of 
the  detector  in  the  spectral  region  of  interest. 

To  suppress  the  spectral  changes  of  and  dl  /dX,  a  double-beam  system 

is  needed.  For  this  purpose,  the  light  beam  from  the  exit  slit  of  the 
monochromator  in  a  DSPV  spectrometer  needs  to  be  split  by  a  beam  splitter. 

Both  beams  can  therefore  be  wavelength  modulated  at  frequency  cu^.  One  of  the 
beams  can  be  used  to  illuminate  the  DSPV  sample  while  the  other  beam  can  be 
chopped  at  frequency  oj^  and  then  incident  upon  an  optical  detector.  The 
output  of  the  detector  is  fed  into  two  lock-in  amplifiers.  One  of  the  lock-in 
amplifiers  <I)  is  tuned  to  to  measured  the  light  intensity,  and  the  other 
one  is  turned  to  u_  to  measured  dl  /dX.  Except  for  the  beam  splitter  and  the 
DSPV  sample,  this  is  similar  to  the  Infrared  wavelength  modulation 
spectrometer  described  elsewhere.  The  output  of  the  lock-in  amplifier  I  can 
be  used  in  a  negative  feedback  loop  to  regulate  the  power  supply  of  the  light 
source.  This  arrangemenr  v.ll  keep  the  light  intensity  constant  as  the 


light  sources,  in  the  visible  region  of  spectra,  also  have  structures  as 
reported  in  the  literature.  The  structures  in  the  dl^/dX  spectrum  at  longer 
wavelength  are" primarily  due  to  the  atmospheric  absorption  as  discussed  before. 

The  structure  in  the  spectra  of  the  transmittance  T(\)  and  its  derivative 
dT/d\  are  caused  by  the  spectral  changes  of  Che  optical  constants  in  the  metal 
and  the  Insulating  layers  and  the  reflection  coefficient  of  the  semiconductor , 
as  well  as  Che  interference  patterns  generated  because  of  the  interfaces  Csee 
Eqs.  <4)-<7)].  These  factors  are  separately  discussed  below: 

a)  The  spectral  changes  of  the  reflectivity  of  gold  R(X)  as  well  as  its 
logarithmic  derivative  dR/d\,2o  are  shown  in  Fig.  S.  These  spectral  changes 
occur  in  the  2.0  -  S.O  eV  region  of  the  spectra  and  are  primarily  due  to  the 
d-band  to  Fermi  level  transitions.  Structural  changes  in  Che  spectrum  of  the 
derivative  of  its  transmission  coefficient  in  the  2.0  -  3.S  eV  region  have 
also  been  observed, 21 

b)  The  optical  constants  of  Che  insulating  layer,  SIO2.  are  fairly  smooth 
in  Che  O.S  -  4.S  eV  region  of  Che  spectrum, 22  and  therefore  are  not  expected 
to  influence  the  line  shapes  of  the  Interband  transitions. 

c)  The  spectral  changes  caused  by  Che  interference  pattern  depend  on  the 
thickness  of  the  layers,  their  index  of  refraction,  and  the  spectral  region  of 
Interest,  Optical  interference  patterns  have  been  studied  for  the  MIS 
structures  wJVh  various  thicknesses  of  Au  and  SIO^  layers  on  silicon 
substrates. 23  The  signatures  of  such  interference  patterns  have  also  been 
observed  in  the  surface  photovoltage  spectra. 24 

d)  Finally,  the  spectral  changes  in  the  R(X)  and  dR/dX  of  the  semiconductor 
substrate  contribute  significantly  to  the  spectra  of  T(X)  and  dT/dX,  and  hence 
to  the  DSPV  spectra.  Figure  6  shows  the  reflectivity  of  Si  and  its  logarithmic 
derivative  obtained  by  the  wavelength  modulation  reflectance  spectroscopy. 


3.  Interband  Transitions. 

Optical  modulation  spectroscopy  has  been  a  powerful  tool  in  studies  of  the 
interband  transitions  in  solids. ^  These  techniques  have  allowed  small 
structures  Immersed  in  a  large  but  relatively  smooth  background  spectrum  to  be 
observed  and  correlated  with  the  critical  points  in  the  band  structures.*-®  In 
order  to  identify  the  types  of  critical  points  involved  in  the  optical 
transitions  and  correlate  them  with  the  existing  band  structure  calculations, 
experimentally  unambiguous  line  shapes  are  necessary.  Amongst  the  various 
modulation  spectroscopies,  the  wavelength  modulation  reflectance  has  the 
unique  advantage  of  having  a  straightforward  relationship  to  the  normal 
reflectance  and  other  optical  constants.*®  This  allows  one  Co  obtain 
experimentally  unambiguous  line  shapes  which  is  the  basis  of  the  semi- 
empirical  energy  band  calculations. 

Wavelength  modulation  surface  photovoltage  spectroscopy  is  the  youngest 
member  of  the  family  of  modulation  techniques  which  have  been  used  to  study 
the  interband  transitions  of  semiconducting  materials.  However,  the  main 
advantage  of  the  wavelength  modulation  technique  is  lost  in  the  DSPV 
spectroscopy,  since  it  no  longer  has  a  direct  or  simple  relationship  with  the 
optical  constants.  It  is  seen  from  Eq.  (11)  that  the  DSPV  line  shapes  are 
distorted  by  the  Interference  of  the  various  spurious  spectra.  We  discuss 
below  the  effects  of  the  various  terms  of  Eq.  (11)  on  the  line  shapes  of  the 
interband  transitions. 

The  effect  of  the  I  and  dl  /dX  terms  on  the  interband  transitions 

0  o 

depends,  primarily,  on  the  light  source  used  in  that  particular  region  of  the 
spectrum.  Xenon  arc  lamps  are  commonly  used  for  the  ultraviolet  region  of 
spectra.  The  derivative  of  its  spectrum,®  shown  in  Fig.  4,  contains  sharp 
structures  and  therefore  a  serious  problem  in  this  region.  Tungsten 


2.  TemperaCure  Dependence  of  the  DSPV  Spectra. 

The  temperatwe  dependence  of  the  absorption  spectra,  a  (X,  ,  is  very 


valuable  In  sfrodles  of  the  deep  centers  and  their  electron-lattice  relaxation 

It  is  also  an  important  parameter  for  comparing  the  theoretical  results  to 

those  of  experiments,  Unfortunately,  the  relationship  between  the 

temperature  dependence  of  the  DSPV  and  that  of  a  (X,  T)  is  not  a  simple  one, 

which  makes  it  rather  difficult  to  interpret  the  results. 

The  temperature  dependence  of  the  DSPV  comes  from  that  of  G((j,T) ,  a(X,T), 

F<X,T),  as  well  as  dF/dX  and  doc/dX  Csee  Eq.  (11)  and  the  paragraph  following 

it].  The  temperature  dependence  of  the  frequency  response  function,  G(a),T), 

is  similar  to  that  of  the  ac  photoconductivity, and  since  G(u»,T)  stands  as 

a  proportionality  factor,  it  can  be  treated  in  a  similar  way.  But  F(X,T)  is 

in  general  a  complicated  function  of  temperature  through  its  arguments,  and 

appears  in  a  nontrivial  way  in  the  expression  for  dV  /dX,  Eq.  ill).  In  some 

s 

rather  simple  cases,  F(X,T)  can  be  written: 

L(T)'t^(T)S(T) 

*  Ca(X,T)L<T)  +  13  CL(T)  +  S(T)r^.(T)]  ’ 

0 


where  S  is  the  effective  surface  recombination  velocity.  Therefore 


dF 


L2<T)'C.  (T)S(T) 

_ _ 


dX 


Ca(X,T)L(T)  1]2  CLCT)  +  S(T>t.  (Tn 

D 


da<X.T) 


dX 


(13 


It  is  clear  from  Eqs.  <11),  (12),  and  (13)  that  even  when  F(X,T)  has  a  fairly 
simple  form,  it  is  by  no  means  trivial  to  extract  the  temperature  dependence 
of  a<X,T)  from  the  DSPV  data.  Therefore  extreme  care  must  be  taken  in  order 
to  arrive  at  an  accurate  interpretation  of  the  temperature  dependence  of  the 
DSPV  spectra  in  relation  to  the  parameters  characterizing  the  deep  levels 
Involved.  Such  difficulties  are  not  usually  encountered  in  the  wavelength 
modulation  absorption  spev : roucopy  which  directly  measures  da(X,T)/dX. 


rate  depends  exponentially  on  E^/kT,  where  Is  the  photoionization  energy 
of  the  shallow  level.  Hence,  temperature  and  frequency  scans  of  the  DSPV 
spectra  may  be-useful  in  detection  and  identification  of  such  transitions. 

ii)  Deep  Level  to  Band  Transitions;  In  contrast  to  intra-center 
transitions,  the  deep  level  to  band  transitions  have  characteristically  broad 
and  often  featureless  absorption  spectra,  resulting  in  broad  peaks  and 
shoulders  in  the  derivative  of  the  absorption  coefficient,  da/dX.  Furthermore, 
to  obtain  accurate  information  on  the  parameters  which  characterize  the  deep 
levels  such  as  photoionization  energy,  concentrations,  site  symmetry,  local 
potential  and  electron-lattice  relaxation,  one  often  needs  to  analyze  the  line 
shape  of  the  absorption  spectra  as  well  as  its  temperature  dependence. 

Hence  any  spurious  line  shape  due  to  the  various  possible  sources  of 
distortions  would  lead  to  inaccurate  Information  about  the  parameters  of 
Interest  and,  consequently,  the  cross  correlations  between  the  experimental 
results  and  the  theoretical  predictions.  The  effects  of  the  last  three  terms 
of  Eq.  (ID  on  the  DSPV  spectra  are  therefore  especially  significant  in  the 
case  of  the  deep  levels  and  cannot  be  a  priori  ignored.  In  particular,  the 
spectrum  of  dl^/dX  in  the  nebr  infrared  contains  numerous  structures,  as  seen 
in  Figs.  Z(b)  and  3,  which  may  dominate  the  DSPV  spectra.  Although  some 
previous  reports  have  cautioned  about  distortions  from  the  background,  I^(X),2.3 
no  systematic  method  has  been  used  or  suggested  for  their  removal.  Hence  the 
DSPV  spectroscopy  as  it  stands  appears  to  have  limited  usefulness  in  studies 
of  the  deep  levels  in  semiconductors.  In  a  later  section  we  will  suggest  a 
practical  method  for  systematic  removal  of  the  background  contributions  from 
the  DSPV  spectra. 


IV.  DISCUSSIOM 


1.  Sub'-Sand-Gap  Transitions. 

Sub“band~?ap  electronic  transitions  associated  with  the  deep  levels  are 
categorized  as:  1)  the  intra-center  transitions  between  different  levels  of 
the  same  impurity  or  defect,  and  ti)  photoionization  of  the  electrons  or  holes 
into  the  conduction  or  valence  bands. 

i)  Intra-Center  Transitions:  The  intra-center  transitions  often  produce 
sharp  zero-phonon  lines  in  the  optical  absorption  and  photo luminescence 
spectra  at  low  temperature.  For  example,  transition  metal  impurities  at  high 
and  moderate  concentrations  in  the  III-V  compounds  have  been  extensively 
studied  using  these  methods,  yielding  a  great  deal  of  information  regarding 
the  Impurity's  site  symmetry,  concentrations,  and  crystal  field  strength. 

At  lower  concentrations  these  transitions  were  observed  by  wavelength 
modulation  absorption  spectroscopy. Generally  the  positions  of  the  sharp 
zero-phonon  lines  are  the  best  signatures  of  the  centers  involved.  However, 
intra-center  transitions  between  the  deep  levels  generally  do  not  delocalize 
the  carriers  and  so  no  spatial  charge  separation  occurs.  Consequently  such 
transitions  cannot  be  detected  by  the  wavelength  modulation  surface 
photovolage  spectroscopy.  This  is  one  of  the  disadvantages  of  the  DSPV  as 
compared  to  the  wavelength  modulation  absorption  spectroscopy. 

If,  however,  one  of  the  levels  involved  is  a  shallow  level,  then  a  photo- 
thermal  ionization  may  occur,  in  which  the  carrier  is  fl.-a-  optically  excited 
into  the  shallow  level  and  subsequently  ionized  to  the  conduction  or  valence 
band  by  thermal  excitation,  producing  a  change  in  the  surface  potential. 
Whether  this  produces  a  wavelength  modulation  surface  photovoltage  depends  on 
the  temperature  as  well  as  rhe  incident  frequency,  since  the  thermal  emission 


..e-  a-  .  A-L 


obtain: 


I  (\)  T(X)  F<\)  +  T(X>  F(X)  a(X) 

o  .  dX  dX 

+  I  (X)  F(X)  a(X)  -  +  I  <X)  T(X)  F{X)  .  (11) 

o  dX  o  dX 

It  must  be  added  that,  in  order  to  incorporate  the  response  of  the  system  to  a 

time  varying  incident  light  intensity,  the  above  equation  must  be  multiplied 

by  a  frequency  response  function  G(u)).)^5  However,  since  this  factor  is  to 

first  order  independence  of  the  wavelength,  it  is  treated  here  as  a  constant 

of  proportionality.  Its  effect  on  the  temperature  dependence  of  the  DSPV 

spectra  is  discussed  in  a  later  section. 

In  contrast  to  Eq.  (1),  Eq.  (11)  shows  that  the  DSPV  signal  is  not  in 

general  proportional  to  da/dX  and  therefore  its  various  terms  Introduce 

different  degrees  of  distortion  which  depend  on  the  relative  size  of  their 

spectral  changes  in  the  spectral  region  of  interest.  The  most  notorious 

source  of  the  distortion  is  the  spectral  changes  of  Iq(^).  the  background. 

The  distortion  Introduced  by  I^  is  present  in  all  four  terms  of  Eq.  (ID,  but 

its  effect  is  most  dramatic  in  the  second  term  which  contains  dl  /dX.  This 

o 

term  affects  the  DSPV  spectra  in  the  near  infrared  region  of  spectra  which 
corresponds  to  the  siib-band-gap  transitions  in  some  semiconductors  (e.g..  Si, 
GaAs),  as  well  as  in  the  ultraviolet  region  of  the  spectra  where  the  interband 
transitions  occur.  The  spectral  dependence  of  dt(X)/dX,  however,  is  more 
pronounced  in  the  region  of  the  interband  transition.  Hence,  in  what  follows, 
the  sub-band-gap  transitions  which  Involve  the  impurity  and  defect  levels  are 
discussed  separately  from  the  inter-band  transitions. 


the  internal  multiple  reflections  from  the  interfaces;  to  simplify  the 
discussion  we  write: 

T(X)  =  TCN^CX),  H2(X),  M^CX),  g(X)]  ,  <7) 

where  g<X)  symbolizes  the  Interference  phenomena.  Combining  Eqs.  (2)  and  (3), 
we  have: 

V  =  I  <X)  T<X)  a(X)  F(X)  ,  <8) 

s  0 

which  together  with  Eq.  <7)  fonn  the  basis  of  our  analysis  of  the  wavelength 
modulation  surface  photovoltage. 

If  the  wavelength  of  the  incident  light  beam  Is  modulated  as: 

X  =  X  +  AX  cos  ut  ,  (9) 

0 

where  AX  and  ui  are  the  amplitude  and  the  frequency  of  modulation,  respectively, 

then  the  surface  photovoltage,  V  (X),  becomes  a  periodic  function  of  time,  V 

s  s 

(X^  >  AX  cos  ut).  For  small  AX,  the  modulated  surface  photovoltage  can  be 
expanded  in  powers  of  AX,  or: 

V  <X  •♦•AX  cos  ut)  -  V  (X  )  •►AX  rr~  cos  ti:t^^0<AX)2  +  ...  .  (10) 

so  3  0  dX 

0 

The  modulated  surface  photovoltage  is  detected  by  a  standard  lock-ln  amplifier 
tuned  to  the  reference  frequency  w.  Hence,  the  output  voltage  of  the  lock-in 
amplifer  is  proportional  to  the  amplitude  of  the  first  harmonic,  i.e., 
AX(dV^/dX).  Similarly,  the  right-hand  side  of  Eq.  (8)  can  be  expanded  in 
powers  of  (AX).  By  comparMir,  the  first  harmonic  terms  on  both  sides,  we 
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Low  temperature  infrared  wavelength  modulation  was  performed  on 
GaAs  in  conjunction  with  the  photo-quenching  of  the  absorption  in 
the  spectral  region  of  0.7-1, 4  eV,  due  to  the  EL2  levels,  to  assess 
the  accuracy  of  the  conventional  room  temperature  optical  absorption 
spectroscopy  in  measuring  EL2  and  chromium  concentrations;  an 
accurate  method  for  such  measurements  was  suggested. 


The  deep  chromium  acceptor  level  at  +  0.73  e7,  and  the  deep  donor 

level,  commonly  referred  to  as  EL2,  at  -  0.74  e7  are  responslMe  for 

controlling  the  compensation  mechanism  of  semi-insulating  (SI)  GaAs,  grovm  by 

the  liquid  encapsulated  Czochralski  (LEO  technique.^  ^  Mon-uniformities  in 

the  concentration  of  deep  levels  could  adversely  affect  the  yield, 

reliability,  and  performance  of  the  devices  made  from  these  substrates.  The 

correlation  between  the  distribution  pattern  across  the  wafer,  of  the 

concentration  of  the  deep  levels,  resistivity,  dislocation  density,  as  well  as 

their  relation  to  the  stoichiometry  of  the  melt  and  conditions  of  the  crystal 

growth,  are  essential  in  understanding  the  origin  and  nature  of  these 
6—9 

nonuniformities.  Central  to  many  of  these  studies  is  the  measurement  of 

the  concentration  and  the  distribution  of  the  deep  levels,  especially  EL2  and 

chromium.  However,  many  of  the  standard  methods  of  measuring  deep  level 

concentration  are  either  not  suitable  or  not  easily  applicable  to  the  semi- 

insulating  materials.  (Optical  absorption  spectroscopy  at  room  temperature  in 

the  near  infrared  spectral  region  is  considered  a  convenient,  rapid,  and 

nondestructive  way  of  measuring  the  local  concentration  of  deep  levels  with 

2 

good  spatial  resolution,  and  is  used  in  the  above  reference  studies,  for  EL2 
and  chromium  concentration  profiles  in  SI  GaAs.  However,  for  low 
concentration  of  impurities  or  defects,  conventional  optical  absorption  lacits 
sensitivity,  and  the  improved  sensitivity  of  infrared  wavelength  modulation 
must  be  employed. The  purpose  of  the  present  work  was  to  make  an  assessment 
of  the  accuracy  of  the  room  temperature  optical  absorption  method  in  measuring 
the  EL2  and  chromium  concentrations. 

In  undoped  SI  GaAs,  EL2  seems  to  be  the  dominant  deep  level.  The  total 
absorption  coefficient  of  this  defect  and  other  residual  impurities  can  be 


written  as 


a(E)  =  N, 
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where  ^  is  the  EL2  concentration,  a  and  o  are  the  photo-ionization  cross 


section  for  electrons  and  holes  respectively,  occupancy  of  the  EL2 

level  which  depends  on  the  relative  position  of  the  Fermi  energy  and  the  EL2 
level.  The  last  term  represents  the  absorption  coefficient  due  to  all  other 
residual  impvirlty  and  defect  levels  present  in  the  material.  It  is  commonly 


assumed  that  the  EL2  levels  are  almost  completely  filled  ( f^^  ^  close  to  unity) 


if  the  Hall  measurements  Indicate  strongly  n-type  character  for  the  SI  GaAs. 
Thus  the  second  term  in  Eq.  (1)  can  be  omitted  and  the  first  term  becomes 
N^2*^**-  Furthermore,  if  Independent  measurements  such  as  secondary  ion  mass 
spectroscopy  (SIMS)  indicate  very  low  concentration  of  other  deep  levels 


compared  to  the  EL2,  the  magnitude  of  the  last  term  in  Eq.  (1)  is  assumed  to 

e 


be  negligible.  The  above  two  assumptions  simplify  Eq.  (1)  to  a(E)  = 


This  is  the  form  commonly  used  in  conjunction  with  the  reported  values  of  the 
photo-lonlzatlon  cross  section  to  obtain  the  concentration  of  EL2  levels  in 
the  SI  GaAs. 


The  validity  of  the  first  assumption  regarding  the  occupancy  of  the  EL2 
level  has  been  discussed. It  is  shown  that  in  the  typical  SI  GaAs,  the 
occupancy  of  the  Q.2  level  changes  most  noticeably  in  the  region  where  the 
Hall  mobility  is  still  high,  and  the  sign  of  the  Hall  constant  indicates  a 
dominant  contribution  from  electrons.  Therefore,  changes  in  the  optical 
absorption  coefficient  cannot  be  a  priori  attributed  to  the  changes  in  the  EL2 


concentration.  However,  the  validity  of  the  second  assumption  regarding  the 
smallness  of  the  collective  contribution  of  all  the  other  residual  deep  levels 
(hereafter  referred  to  as  residual  absorption  coefficient),  to  the  total 
absorption  coefficient,  has  not  been  studied,  and  no  estimate  of  its  magnitude 
is  available. 

The  following  arguments  suggest  that,  even  if  the  concentration  of 

residual  deep  levels  is  Individually  small  compared  to  the  EL2,  the  magnitude 

of  the  residual  absorption  coefficient  may  still  be  appreciable,  and  therefore 

cannot  be  a  priori  Ignored.  Firstly,  the  photoionization  spectra  of  deep 

levels  are  broad  and  often  featureless,  extending  beyond  22^,  where  is  the 
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threshold  energy  of  the  j-th  deep  level-  Thus  the  photoionization  cross 
section  of  all  other  deep  levels  present  in  the  material  may  have  appreciable 
values  in  the  1.1  -  1.2  eV  region,  in  the  neighborhood  of  the  EL2  spectra. 
Secondly,  even  though  the  concentration  of  the  individual  residual  deep  levels 
are  small  compared  to  the  EL2,  the  number  of  different  types  of  such  levels  in 
SI  GaAs  is  usually  large.  And  lastly,  the  values  of  the  photoionization  cross 
section  of  deep  levels  span  several  orders  of  magnitude,  and  some  of  the  less 
dominant  levels,  in  concentration,  may  have  a  much  larger  photoionlzation 
cross  section,  making  appreciable. 

The  object  of  the  present  work  was  to  make  an  estimate  of  the  magnitude  of 
the  residual  absorption  coefficient,  and  thus,  of  the  error  that  results  in 
ignoring  its  contribution  when  the  room  temperature  optical  absorption 
coefficient  is  used  to  measxire  the  EL2  concentration  in  the  undoped  SI  GaAs. 

Low  temperature  wavelength  modulation  absorption,  with  and  without 
background  illumination,  made  it  possible  to  separate  the  absorption 
coefficient  of  EL2  from  other  residual  deep  levels.  The  experiment  shoved 
that,  in  the  typical  undoped  SI  GaAs,  with  EL2  as  the  dominant  deep  level. 


about  10-20%  of  the  absorption  coefficient  was  due  to  residual  deep  levels. 

The  significance  of  this  error  is  discussed,  and  an  appropriate  method  which 

completely  eliminates  this  error  is  suggested.  Special  problems  which  arise 

in  the  case  of  the  chromium  doped  SI  GaAs  (L£C)  are  also  discussed. 

The  EL2  level  has  been  shown  to  exhibit  unusual  properties — among  them, 

13  14 

the  quenching  of  photoluminescence,  photocapacitance,  and  optical 
2 

absorption,  at  low  temperature  <T  i  140  K) .  In  particular,  the  near-infrared 
absorption  spectra  due  to  EL2  quench  out  at  low  temperature  after  the  sample 
is  illuminated  with  light  of  0.9  <  hu  <  1.3S  eV  and  remains  in  the  quenched 
state  for  many  hours,  even  after  the  background  Illumination  has  been  turned 
off.  These  properties  have  been  explained  by  postulating  the  existence  of  a 

metastable  state  of  the  EL2,  accessible  at  low  temperature  with  background 

IS  16 

illumination,  or  by  a  charge-state-controlled  structural  relaxation  model. 

Taking  advantage  of  the  quenching  of  the  absorption  coefficient,  we  studied 

the  near  infrared  absorption  spectra  of  undoped  SI  GaAs  samples  of  different 

ingots,  all  grown  in  pyrolitic  boron  nitride  <PBN)  crucibles,  by  the  liquid 

encapsulated  Czochralski  (LEO,  and  82^3  ^  encapsulant.  They  had 

resistivity  greater  than  10^  Q-cm,  Hall  effect  mobilities  of  4570-6319  cm^/V 

7  -3 

sec,  electron  concentrations  in  the  range  (1.3  -  2.4)  *  10  cm  ,  and  EL2 

levels  virtually  100%  occupied.  The  samples  were  typically  3  mm  thick  with 

the  surfaces  polished  with  Br-methanol. 

These  studies  were  performed  using  a  wavelength-modulated  spectrometer 
10  -4  -1 

described  elsewhere,  with  sensitivity  of  10  cm  in  the  near  Infrared 
spectral  region.  The  spectra  were  first  taken  at  room  temperature  from  0.6  eV 
to  1.4S  eV;  a  typical  result  is  shown  in  Fig.  1  (solid  curve).  The  samples 
were  then  cooled  down,  while  in  the  dark,  to  80  K.  The  values  of  the 
absorption  coefficients  at  1,2  eV  were  recorded,  and  while  monitoring  its 


-6- 


value  at  this  energy,  the  samples  were  illuminated  with  a  50  W  tungsten/halogen 

lamp,  until  complete  quenching  of  the  absorption  was  reached  in  10-20  minutes, 

and  no  further  change  in  the  absorption  coefficients  was  observed.  The 

illumination  was  then  turned  off,  and  the  samples  were  left  in  darkness  for 

another  20  minutes.  This  last  step  was  done  to  avoid  a  possible  non-equilibrium 

population  of  other  deep  levels  present,  as  will  be  explained  in  connection 

with  the  dependence  of  the  chromlimn  level  population  on  illumination.  The 

post-illumination  and  relaxation  spectra  thus  obtained  are  also  shown  in  Fig. 

1  (dotted  curve).  The  resoiltlng  spectra,  except  for  finer  details  revealed 

in  our  experiments  due  to  better  sensitivity,  were  in  general  agreement  with 

2 

other  reported  spectra.  As  the  samples  were  warmed  up,  the  absorption 
coefficient  nwnitored  at  1.2  e7  recovered  in  the  manner  shown  in  Fig.  2. 

The  shape  of  the  residual  absorption  spectra  at  30  K,  from  O.S  eV  to  1.4S 
eV,  varied  in  detail  from  sample  to  sample  but  was  generally  a  small  and 
rather  flat  plateau.  Its  magnitude  also  varied  from  sample  to  sample,  and  at 
1.2  eV  the  variation  was  typically  10-20%  of  the  total  absorption  coefficient 
for  a  given  temperature  prior  to  the  quenching  by  illumination. 

The  above  result  indicates  that  in  typical  LEC  SI  GaAs,  only  80-90%  of  the 
absorption  coefficient  measured  as  30  S  say  be  attributed  to  the  EL2,  and  the 
rest  Is  due  to  the  presence  of  other  deep  levels.  The  following  argxmient 
shows  that  this  result  is  also  true  for  measurements  performed  at  room 
temperature.  At  1.2  eV  the  value  of  the  absorption  coefficient  at  300  K  was 
nearly  equal  to  that  measured  at  30  K.  Furthermore,  since  near  1.2  eV  the 
residual  absorption  spectra  are  quite  flat  and  featureless  (dotted  curve  in 
Fig.  1),  the  magnitude  of  the  residual  absorption  coefficient  at  room 
temperature  is  not  expected  to  be  appreciably  different  from  its  value  at  80  K. 
Hence,  the  ratio  of  the  residual  and  total  absorption  coefficient  at  room 


temperature  and  80  K  should  be  nearly  the  same.  Therefore  in  typical  undoped 
SI  GaAs  (LEO,  up  to  20%  of  the  apparent  room  temperature  spectra  of  the  EL2 
might  be  due  to  the  spectra  of  other  residual  deep  levels. 

The  significance  of  the  above  result  can  be  appreciated  in  the  context  of 
the  following  reported  observations; 

Fabrication  of  high-performance  GaAs  IC's  makes  stringent  demands  on  the 
uniformity  of  the  substrate  materials.  Very  marked  non-uniformities  in  the 

9  17 

electrical  properties  across  the  wafers  of  SI  GaAs  (LEO  has  been  reported.  ’ 

Since  the  semi-insulating  properties  of  this  material  are  achieved  by  the 
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compensation  of  residual  shallow  impurities  by  deep  levels,  ’  much  attention 

has  been  focused  on  the  distribution  of  deep  levels  in  the  starting  siobstrate 

material.  The  deep  donor  EL2,  which  is  thought  to  be  an  "antisite  defect,"  is 

the  dominant  deep  level  in  the  melt  grown  GaAs.  Optical  absorption  and 

photoluminescence  experiments  have  shown  that  the  distribution  of  the  EL2 

levels  follows  a  characteristic  "W"  or  "TJ”  shaped  pattern  along  the  diameter 
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of  the  SI  GaAs  wafers.  ’  The  variations  in  the  concentration  of  the  EL2, 

as  measured  by  room  temperature  optical  absorption,  have  been  reported  to  be 

Q 

up  to  ±  10%  of  the  average  EL2  concentration.  Similar  patterns  have  also 
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been  observed  in  the  distribution  of  dislocation  densities.  ’  '  However, 

some  uncertainty  remains  about  the  quantitative  correlation  between  the 
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profiles  of  the  dislocation  density  and  the  EL2  concentration,  ’  and  hence 

23 

the  association  of  "antisite  defects"  to  the  dislocation  climb  processes. 

It  must  also  be  added  that  there  have  been  reports  of  precipitation  of  some 
impurities  around  the  dislocation  centers,  and  hence  the  Impurity 

24  2S 

concentration  might  be  high  in  regions  of  high  dislocation  density.  ’ 

As  mentioned,  the  EL2  concentration  profile  has  been  obtained  primarily  by 
room  temperature  optical  measurements.  In  the  light  of  our  results  regarding 


Che  percent  contribution  of  residual  deep  levels  to  the  apparent  measured 
spectra  of  EL2,  it  is  quite  conceivable  chat  an  increase  in  the  absorption 
coefficient  in  regions  of  high  dislocation  density  is  due  Co  the  increase  in 
the  concentration  of  precipiaCe  impurities  rather  chan  the  EL2.  Therefore 
studies  of  the  quantitative  correlation  between  the  distribution  of  EL2  and 
dislocation  density  require  techniques  which  can  selectively  measure  Che  EL2 
concentration  with  accuracies  much  better  chan  lOZ.  The  low  temperature 
method  suggested  below  completely  separates  the  EL2  contribution  from  other 
deep  levels  and  thus  provides  an  accurate  measure  of  Che  EL2  concentration. 

The  method  is  to  first  measure  Che  pre-lllumlnatlon  spectra  at  a 
temperatu’-e  below  -  120  K  by  a  very  low  intensity  and  quasl-chromatlc  light  to 
avoid  any  partial  quenching  of  the  absorption  coefficient.  The  absorption 
spectra  due  to  EL2  are  subsequently  quenched  out  by  illuminating  the  sample 
with  intense  light  of  hv  >  1.1  eV  and  the  remaining  spectra  are  recorded  after 
a  period  of  relaxation  in  the  dark  for  about  20  minutes.  The  difference 
between  Che  pre-lllumlnatlon  and  Che  post-relaxation  spectra,  thus  obtained, 
would  belong  to  EL2  levels,  and  their  concentration  can  be  obtained  from  the 
value  of  Che  photoionizaCion  cross  section"  and  the  occupancy  of  the  level. 
This  is  in  contrast  to  the  commonly  used  method,  in  which  the  room  temperature 
absorption  coefficient  at  -  1.2  eV  is  attributed  to  the  EL2  level  alone,  and 
is  used  as  a  measure  of  the  EL2  concentration.  As  we  showed  above,  in  LEC  SI 
GaAs  substrates,  even  If  the  precise  occupancy  of  Che  EL2  is  known,  Che  room 
temperature  measurement  of  the  EL2  concentration  could  still  be  in  error  by  up 
to  20Z,  because  of  the  collective  contribution  of  other  deep  levels  present  in 
Che  material.  It  should  also  be  mentioned  that  the  reported  values  of  the 
photoionizaCion  cross  section,  which  have  been  obtained  by  calibrating  the 
room  temperature  absorption  coefficient  with  independently  measTired 


concentration,  are  subject  to  the  same  error.  However,  the  newly  suggested 

low  temperature  method  can  be  used  in  the  same  manner  to  obtain  a  more 

accurate  value  of  the  EL2's  photoionization  cross  section. 

The  low  temperature  pre-  and  post-quenching  absorption  (LTPPQA)  method 

suggested  above  can  also  be  used  to  obtain  concentration  of  chromium  or  other 

level  impurities  and  defects.  In  GaAs:Cr  materials  it  has  been  established 

2+ 

that  Cr  centers  can  be  in  any  of  the  various  stable  charged  states,  Cr 
4*^  4*^ 

Cr  ,  and  Cr  (Cr  is  seen  primarily  in  p-type  materials)  depending  on  the 

2g— 30 

position  of  the  Fermi  level.  Furthermore,  it  is  believed  that  it  is  the 

3+  2+ 

(Cr  )/(Cr  )  ratio,  which  plays  the  dominant  role  in  the  compensation 

6  31  3+  2+ 

mechanism.  ’  However,  direct  measurement  of  (Cr  )/(Cr  )  by  optical 

absorption  of  room  temperature  is  difficult  because  of  the  presence  of  the  EL2 

levels  in  appreciable  amounts  in  the  melt  grown  materials  and  hence  the  total 

absorption  coefficient  is  due  to  the  Cr  as  well  as  the  EL2  spectra.  An 

indirect  method  of  obtaining  the  (Cr  )/<Cr  )  ratio  has  been  to  estimate  the 

EL2  contribution  by  taking  it  to  be  equal  to  the  spectra  of  an  undoped  SI  GaAs 

multiplied  by  a  constant  factor.^  The  EL2  spectra  thus  found  are  subtracted 

from  the  total  absorption  spectra,  to  obtain  the  spectra  due  to  Cr  levels 

3+  2+ 

alone,  from  which  the  (Cr  )/(Cr  )  ratio  is  estimated. 

The  present  LTPPQA  method  has  the  distinct  advantage  that  it  directly 

eliminates  the  EL2  contribution,  revealing  the  remaining  spectra.  Figure  3 

shows  the  spectra  of  another  undoped  SI  GaAs  (LEO  sample  before  and  after 

quenching  of  the  EL2.  The  residual  absorption  coefficient  is  about  702  of  the 

total  absorption  coefficient  at  1.2  eV,  and  consists  of  several  thresholds. 

Although  the  post-quenching  spectra  still  have  some  of  the  structures 

2 

reminiscent  of  the  unquenched  EL2  spectra  (at  10  K) ,  additional  Illumination 
and  recycling  of  the  quenching  procedure  did  not  change  the  spectra,  thus 
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auld  can  contribute  an  electron  for  the  reduction  of  the  tungsten 
atom.  This  is  supported  by  the  observation  that  the  permanent 
blue  coloration  is  most  efficient  if  the  ^03.^  used  has  an 

oxygen  deficitcS  %  0.1  i.S  obtained  by  chemical  analysis  of  various 
purchases  of  WO^.  So  the  coloration  mechanism  involved  in  our 
borate-’tungstate-glass  could  be  the  same  as  in  the  electrochro- 
matic  experiments  with  wo ^ -films  in  Li'^-electrolytes.  That  means, 
that  the  intervalence-transfer-obsorption-model  /8/  and  Fig.  5 
can  also  be  used  here  to  explain  the  optical  absorption.  This 
model  yields  activation  energies  for  thermally  activated  hopping 
of  electrons  of  the  order  of  0*3  eV  /2/.  A  logzurithmic  plot  of 
the  meastired  loss  factor  tan 5  versus  1/T  (Fig.  6)  gives  the 
following  activation  energies  for  the  conductivities  of  the 
glasses : 

Activation  energies  of  the  conductivity  ffCT)  ■  (^pexp  (-E/kT) 

X  »  0  :  E  «  0.19  eV  <j;  -  4,4  •  lo"^  l/^m 

X  -  0,41  ;  E  -  0,16  eV  d’,  «  2,5  •  10^  l/iS.  m 

X  -  0,5  ;  E  -  0,12  eV  3,8  •  lo"^  1/iEm 

These  results  support  the  use  of  thermally  activated  hopping 
models  here.  In  summary,  the  blue  coloration  is  a  good  indi¬ 
cator  for  the  existence  of  intact  WOg-octahedra  in  the 

(^2®4®7^  1-X^^°3^ further  measurements  of 
the  dielectric  properties  in  the  compositional  region  0.44  4x^0.55 
might  be  most  rewarding. 
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Oiscussion: 

Studies  of  Raznan-  euid  luminescence-* spectra  /13/  showed  a 
similar  threshold  concentration  as  found  in  our  experiments. 

Above  the  threshold  the  measured  spectra  changed  fundamentally. 
This  behavior  W2is  explained  by  a  change  in  the  borate  structure 
at  greater  WO^-concentrations ,  called  " borate- anomaly " . 

Seised  on  our  results  we  suggest  a  percolation  model  /1 4/  for 
the  solubility  of  WO^  in  Li2B^0^.  This  is  indicated  by  our 
dielectric  measxirements  shown  in  fig.  4,  which  show  an  abrupt 
increase  of  the  static  dielectric  constemt  in  the  region  X  »  0.41 
to  0.5.  We  assume,  that  the  distor-ted  WOg-octahedra,  which  are 
responsible  for  the  ferroelectric  behaviour  of  WO^,  are  totally 
destroyed  when  they  are  dissolved  in  Li2B^0^  up  to  the  concen¬ 
tration  X  ■  0.44  and  only  above  this  percolation-threshold  axe 

the  WOg-octahedra  near  their  crystalline  state.  This  reconstruc- 

i 

tion  might  be  related  to  the  formation  of  O-W-O-chains  according 
to  the  percolation  model.  'I'his  would  also  explain  the  increaise 
of  the  dielectric  constant  Our  measurements  of  the  maximum  opti¬ 
cal  absorption  and  the  fimdamental  edge  show  a  great  similarity 
to  those  on  electrochromically  colored  WO^-films.  Both  systems 
show  a  shift  of  fundamental  eibsorption  edge  to  lower  energies 
with  an  increase  of  the  coloration  and  also  of  the  relative  maxi¬ 
mum  of  optical  zdasorption  at  1,4  eV  /7/.  This  correspondence  we 
explain  ais  follows:  Simultaneous  with  the  existence  of  complete 
WOg-octahedra  the  formation  of  lithium-tungsten-bronzes  becomes 
possible.  During  the  cooling  the  Li-atoms  move  to  an  intact  wOg- 
octahedron  by  diffusion,  for  instemce  through  oxygen  vacancies. 
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For  the  identification  of  jthe  blue  coloration  obsorption  specrra 
were  taken  in  the  energy  range  between  1,3  eV  and  4,0  eV.  For 
this  the  samples  were  polished  with  an  abrzisive  with  a  grain- 
sire  of  1  jim-  For  the  evaluation  of  the  adasorption  coefficient 
the  reflectivity  of  the  specimens  was  estimated  to  be  10%.  The 
results  for  different  WO^-concentrations  X  are  shown  in  fig.  1 . 
From  the  absorption  curves  the  coloration  of  the  glasses  with 
increasing  WO^-content  can  be  traced.  In  order  to  exclude  im¬ 
purities  as  the  reason  for  the  blue  coloration,  measurements 
were  carried  out  on  cobalt-doped  lithium-borate-glasses.  The 
results  of  these  measurements  are  shown  in  fig.  2. 

Results: 

We  can  take  from  the  comparative  measurements  that  for  conven¬ 
tional  color  centers  the  s^ape  of  the  absorption  spectra  remains 
constant  with  increasing  concentration,  while  its  amplitude  is 
increasing  by  a  factor  which  scales  with  the  concentration. 
Furthermore  the  location  of  the  fundamental  absorption  edge 

is  constant,  too. 
o 

All  this  is  different  with  the  wo^-doped  borate-glasses.  The 
energy  range  of  the  strong  abscrpciua  increases  with  the  WO^- 
concentration  and  its  value  at  E  •  1.4  eV  shows  a  large  increase 
when  the  concentration  exceeds  X  ■  0.44  (Fig.  3a).  Also,  the  fun¬ 
damental  absorption  edge,  (fig.  1)  shifts  abruptly  to  lower  energy 
values  (Fig.  3b).  The  of  the  optical  absorption  lies  at 

1 .4  eV,  which  is  the  saaw  value  as  found  for  the  e le c tr ochromi c 
coloration  of  WO^- films. 


them  one/  the  tungsten  atoms  are  in  different  valence  states. 

The  theory  of  the  intervalence-transfer-absorption  /8/  describes 
the  transfer  o£  electrons  between  two  transition  metal  ions 
of  different  valence.  This  theory  is  in  good  agreement  with 
the  experimentally  observed  absorption  at  1.4  eV.  Aside  from 
these  electro chromatic  experiments  many  investigations  have 
been  done  on  alkali-borate-tun  gstate-glasses  /9-12/  in  the 
search  for  ferroelectric  glasses. 

In  this  work  we  describe  the  onset  of  a  permanent  blue  colora¬ 
tion  of  the  (Li2B^0.7)  jj-glasses  with  increasing  X 

and  explain  it  in  terms  of  the  formation  of  lithium- 

timgsten-bronzes  in  a  glass  matrix. 

Experimental : 

The  specimens  were  prepared  as  follows:  Lithium-tetr^lborate 
and  tungsten-oxide  powders  were  weighed  and  mixed  and  sub¬ 
sequently  were  heated  euid  mSlted  at  9’20°  C  in  AljO^-cmcibles. 
The  melts  were  casted  and  chilled  on  a  ceramic  disc.  The  colora 
tion  of  the  glasses  could  be  observed  during  the  solidifi¬ 
cation  of  the  initially  colorless  melt.  Up  to  the  WO^-concen- 
tration  X  *  0,55  the  glasses  were  clear  and 

their  structure  was  proved  to  be  amorphous  by  X-ray  diffraction 
and  differential- thermo-analysis.  For  concentrations  X>  0,55 
we  obtained  polycrystalline  ceramics.  The  glassy  specimens 
were  colorless  up  to  X  ■  0.33.  Prom  X  ■  0.33  to  X  *  0.47  they 
were  reddish  brown,  and  from  X  «  0.47  to  X  ■  0.55  blue,  with 
decreasing  tremsparency . 


«  2  - 

Introduction : 

Sinca  S.K.  Deb  first  reported  about  the  optical  and  photo¬ 
electric  properties  of  thin  tungsten  oxide  films  /1/,  many 
worJcers  investigated  the  coloration  of  WO2- layers  in  electro- 
chromatic  experiments  /2-6/  with  regard  to  possible  applica¬ 
tions  in  displays.  In  these  experiments  the  evaporated  WO^- 
film  serves  as  one  electrode  of  the  electrochemical  cell, 
while  a  platinum  wire  forms  the  other  one.  Both  of  them  are 
immersed  in  the  electrolyte,  which  mostly  consists  of  H2S0^ 
in  H2O  or  LiClO^  in  an  ortranic  solvent.  When  for  a  certain 
time  interval  a  negative  ]iotential  is  applied  to  the  WO^- 
electrode,  there  is  a  CTir:‘ent  pxilse  through  the  cell  and  if 
-  or  Li"^-elactrolytaa  <ire  used  the  film  color  turns  to 
blue.  The  amount  of  optical  absorption  measured  thereafter 
depends  on  the  value  of  the  applied  field,  while  the  shape 
of  the  spectrum  remains  unchanged  with  a  maximum  at  1,4  eV/2/. 
In  addition  to  this  TM^innun  the  fundamental  absorption  edge 
of  wo 2  was  investigated,  which  is  situated  at  about  3,8  eV 
for  W02-films  in  Li*^-elactrolytes  /7/.  Many  attempts  were  made 
to  explain  the  electrocoloration  of  W02-filjns  /1,4,6/.  The 
currently  most  favoured  model  /8/  proposes  the  formation  of 
tungsten  bronzes  of  the  form  A  wo.,  where  A  •  H,Li,Ka.  The 
A'*’-ions  originate  from  the  electrolyte,  while  the  electrons 
are  injected  from  the  metdl  contact  on  the  other  side  of  the 
cell.  Where  the  charge  carries  combine,  Is  formed.  The 

A^W02-unit  has  an  electron  localized  at  the  tungsten  atom, 
i.e.  while  the  A'*‘-ion  remains  ionized.  When  X  is  smaller 
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Abstract 

A.  permanent  blue  coloration  is  found  in  (Li2B^0^) 
gleisses  for  X  >  0.44.  Since  this  ^ncentration  limit  looks 
like  a  percolation  threshold  and  since  the  blue  coloration 
is  conventionally  ascribed  to  the  formation  of  Lithium- tungsten- 
bronzes  A^W02(A  •  H/Li/Na) /  we  assume  fast  diffusion  of  Lithium 
to  decorate  the  WOg-tree  once  it  forms  in  the  glass  matrix. 


Z us ammen f as s un  ( 


(Li2B^07)  jj-GlSlser  zeigen  eine  spontane  Blaufirbung  fdr 

Xonzentrationen  oberhalb  X  «  0.44.  Diese  Grenze  zeigt  Eigen- 


schaften  einer  Perkolationsschwelle.  Daher  und  weil  eine  solche 


Blaufarbung  viblicherweise  der  Bildung  von  A^^WO^-Molekiilen  zuge- 
schrieben  wird  (A  »  H,Li,N;a)  nehmen  wir  an,  dafl  sich  bei  X  »  0.44 

ein  Baiim  von  W0g-0ktaedem|  bildet/  der  mit  schnell  diffxmdier'ten 

! 

Lithiumatomen  dekoriert  istt. 
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Fig.  1.  The  total  absorption  spectra  at  300  K  (solid  curve),  and  the  residual 
absorption  spectra  at  80  K  (dotted  curve)  of  the  M043T  SI  GaAs  (LEO 
sample . 

Fig.  2.  Typical  thermal  regeneration  of  the  absorption  coefficient  (measured 
at  1.2  eV). 

Fig.  3.  The  total  absorption  spectra  at  300  K  (solid  curve),  and  the  residual 
absorption  spectra  at  80  K  (dotted  curve)  of  the  IfflATT  SI  GaAs  (LEO 
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of  the  remaining  spectra  can  still  be  due  to  residual  impurities  or  defects 
other  than  EL2  and  Cr,  which  in  contrast  to  EL2  in  SI  GaAs  can  no  longer  be 
directly  measured  and  remains  as  the  error  of  the  measurement.  This  error 
would,  however,  be  small  if  the  material  under  .study  has  relatively  high  Cr 
concentration.  The  LTPPQA  method  can  be  similarly  used  for  other  impurities  or 
defects  besides  Cr  in  GaAs  materials. 

In  summary,  we  have  shown  that,  using  the  magnitude  of  the  near  infrared 
absorption  coefficient  as  a  measure  of  the  EL2  concentration  requires,  in 
addition  to  the  position  of  the  Fermi  energy,  knowledge  of  the  magnitude  of 
the  residual  absorption  due  to  the  photoionization  of  all  other  deep  levels, 
even  if  they  are  individually  present  in  small  concentration.  The  use  of 
Infrared  wavelength  modulation  absorption  and  photoquenching  represents  a 
practical  method  for  measuring  the  magnitude  of  this  residual  absorption. 
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ruling  out  contribution  to  the  remaining  spectra  of  a  possible  partially  quenched 

state  of  EL2  level.  The  various  thresholds  of  the  residual  absorption 

coefficient  in  Fig.  3  (dashed  curve)  resembled  the  photoionization  thresholds 

of  the  various  reported  charged  states  of  Cr,^  indicating  that  chromium  is 

perhaps  the  dominant  accidental  deep  level  impurity  in  this  sample. 

As  it  was  pointed  out  earlier,  in  using  the  LTPPQA  method,  especially  in 

obtaining  Cr  spectra  and  after  the  EL2  has  been  quenched  out,  it  is  necessary 

to  keep  the  sample  in  darkness  for  several  minutes  before  the  remaining 

spectra  are  recorded.  This  step  is  required  for  the  following  reason.  It  has 

28  32  33  27 

been  demonstrated  in  experiments  such  as  low  temperature  EPR,  ’  ’  ESR, 

34 

and  photoconductivity,  that  in  GaAs;Cr,  the  occupancy  of  the  various  change 
states  of  Cr  can  be  changed  by  illuminating  the  sample  with  light. 

3.f 

Illiaoinatlon  of  the  Cr  centers  with  light  of  hv  >  0.75  eV  increases  the 

2*^  4*^  34>  3S 

concentration  of  Cr  and  Cr  while  decreasing  the  number  of  Cr  states. 

The  .  /stem,  however,  has  been  observed  to  return  to  the  equilibrium  population 

33 

in  minutes  after  the  light  is  turned  off.  This  relaxation  time  is 
characteristically  much  less  than  the  time  (several  hours)  that  the  remains 
in  its  "metastable  stabe,"  if  the  measurement  is  done  at  temperature  well  below 
the  quenching  temperature  (<  40  K) .  Therefore,  following  the  quenching  out  of 
the  EL2  spectra,  if  the  background  illumination  is  turned  off,  the  Cr  charged 
states  would  reach  their  equilibrium  population  (in  minutes),  while  the 
metastable  of  the  EL2  remains  effectively  unaltered.  The  remaining  spectra  thus 
obtained  are  primarily  due  to  the  appropriate  equilibrium  concentration  of  Cr 
charged  states.  Although  the  dependence  of  charged  states  population  on  the 
backgrotmd  illumination  has  been  most  extensively  studied  for  Cr  in  GaAs,  other 
■ultllevel  lmp\n*lty  and  defects  are  prone  to  the  same  phenomei:>a  and  thus  are 
subject  to  the  above  considerations.  It  must  also  be  pointed  out  that  a  portion 
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Figure  captions 


Fig.  1:  Absorption  spectra  of  the  (Li2B^0^)  (WO^)  j^-glasses 

for  different  concentrations  X. 

Fig.  2:  Absorption  spectra  of  (Ll2B^0^}  glasses  doped  with  two 

different  concentrations  of  cobalt.  »  lO”^;  C2  *  2*10 
^ICo/mol  Li2B^0^3. 

Fig.  3(a}  Giange  of  the  absorption  coefficient  at  S  »  1,4  eV; 

(b]  the  location  of  the  fundamental  absorption  edge  for 
different  WO^-'ccncentrations. 

Fig.  4:  Static  dielectric  constant  as  a  function  of  the  temper-* 

ature  for  three  borate~tungstate-*glasses. 

Fig.  S:  Lattice-model  for  the  formation  of  the  lithius-tungsten- 

bronzes  according  to  /4/. 

Fig.  6:  Arrhenius-plot  of  loss  factor  tan^  for  the  purs 

lithium-borate-glass  (X  *  0) . 
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